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Preface 

The innovation of various kinds of phosphor material paved the way for the generation of 

energy-efficient light-emitting diodes (LEDs). Further, these materials started to replace many 

of the conventional functional materials available for various optoelectronic, bioimaging, 

sensors, security applications, etc. The synthesis and tuning of the emission wavelength to the 

desired wavelength with high quantum efficiency without using rare earth activators (Eu2+, 

Eu3+, Tb3+, Dy3+, etc.) is still challenging in this field. The rare earth-free inorganic phosphor 

materials are highly recommended due to their low cost. Meanwhile, oxide materials possess 

many advantages, such as being chemically and thermally stable. The use of transition metal 

ion activators (such as Mn4+ and Cr3+), Bi3+ ions, and self-activated phosphors are suitable 

solutions for replacing rare earth activators. The Mn4+ and Cr3+ ions possess 3d3 electronic 

configuration and show excellent optical, magnetic and electronic properties. The Bi3+ ions are 

excellent in enhancing the properties of self-activated phosphors, and Bi3+ activators are 

capable of producing emission from ultraviolet (UV) to near infra-red (NIR) region depending 

upon the host material.  

 Designing and producing phosphor material with a suitable wavelength range for the 

desired application is very crucial. Here, our primary efforts are to solve the issues related to 

the currently available white light-emitting diode (WLED). Commercial WLEDs produce cool 

white light emissions due to the lack of red components. The commercially available red 

phosphors activated by Mn4+ ions are fluorides and not thermally stable under the working 

temperatures of LEDs. An efficient rare earth-free deep red-emitting phosphor is required to 

supplement this issue. Moreover, the demand for red LEDs matching the absorption range of 

chlorophylls and phytochrome (Pr) is increasing. Hence, efficient deep red phosphors can also 

supplement this demand. The second goal of the thesis work is the development of tuneable 

deep red to NIR emitting phosphors excitable with visible radiation for various LEDs and 

displays and suitable for bio-imaging applications. The highly efficient rare earth-free deep red 

to NIR emitting LEDs are still lacking. The above LEDs can be used for night vision 

surveillance, red light therapy, plant growth, display and bioimaging applications. The 

currently available phosphors used for bioimaging are based on rare earth activators, and 

NaYF4: Nd3+-based cell imaging requires continuous exposure to an NIR laser, which in turn 

can cause cell damage in cells. Many of the currently available phosphors are activated by UV 

light, and UV light exposure is also not suitable for bioimaging. Hence, a visible light excitable 
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deep red to NIR emitting phosphors is highly recommended to solve this issue. Moreover, there 

is a scarcity of self-activated cyan emitting persistent phosphors. Most of the reported persistent 

cyan emitting persistent phosphors are activated by rare earth ions. Further, there exists a high 

demand for cyan-emitting persistent phosphors for security applications. Hence, developing 

persistent cyan emitting phosphor with high quantum yield and better lifetime is highly 

required for information storage and anticounterfeiting applications. This thesis focuses on 

developing rare earth-free inorganic oxide phosphors for WLEDs, deep red to NIR LEDs, cell 

imaging, display, plant growth and security applications. 

 The thesis is divided into five chapters. In Chapter 1, we discuss the theory, mechanisms 

and significance of the Mn4+ and Cr3+ activated deep red and NIR emitting phosphors. The 

various methods for improving red/NIR emission and the potential applications of the above 

phosphors are also described. Further, the mechanism, overview and various applications of 

recently reported self-activated persistent phosphors are elaborated in the final part of the 

chapter 1.  

Chapter 2: Enriching the deep-red emission in (Mg, Ba)3M2GeO8 : Mn4+ (M = Al, Ga) 

compositions for light-emitting diodes. 

Chapter 2 deals with the development of transition metal ions (Mn4+) activated deep red-

emitting phosphors. In this chapter, innovative deep red-emitting (Mg, Ba)3Al2GeO8: Mn4+ 

phosphor was developed from its analogue of Mg3Ga2GeO8: Mn4+. Initial replacement of Ga3+ 

by Al3+ yielded Mg3Al2GeO8: Mn4+, which showed much more intense red emission than 

Mg3Ga2GeO8: Mn4+ due to the strong preference of Mn4+ to the [AlO6] octahedrons compared 

to [GaO6] octahedrons. The co-existing phases of MgAl2O4 and Mg2GeO4 in Mg3Al2GeO8 also 

contributed to the Mn4+ luminescence by providing more preferable octahedral sites for Mn4+ 

occupancy. These sites reduced the natural reduction probability of Mn4+ to Mn2+ in the 

tetrahedral sites, which was confirmed by the low-temperature photoluminescence and 

cathodoluminescence studies for the first time. Eventually, the partial substitution of larger 

Ba2+ ions in Mg2+ sites caused structural distortions and generated new Ba impurity phases, 

which improved the Mn4+ photoluminescence further. Under UV and violet-blue exposure, the 

optimum composition Mg2.73Ba0.27Al2GeO8: Mn4+ exhibited deep red emission at 659 nm, 

which was 35 folds greater in intensity than the base composition of Mg3Ga2GeO8: Mn4+. The 

emission matched with the absorption of chlorophylls liable for plants’ photosynthesis. The 
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intense red emission with 100% colour purity of the optimised composition makes it a suitable 

red phosphor to enhance the colour rendering of commercial white LEDs. 

Chapter 3: Compositionally engineered (Mg, Sr)3(Al, Ga)2GeO8: Cr3+ phosphors with tuned 

emission from ultra-sharp red to ultra-broad NIR for LEDs and in vitro cell imaging 

applications. 

In Chapter 3, we demonstrate the various applications of a novel tuneable deep red to NIR-

emitting phosphor. At first, a novel Mg3Al2GeO8: 0.01Cr3+ phosphor with ultra-sharp band 

emission peaking at 693 nm having full width at half maximum (FWHM) of around 4 nm has 

been developed. The emission intensity, as well as the FWHM of the phosphor, has been 

increased by the substitution of alkaline earth metal ions. The optimum Mg2.9Al2GeO8: 

0.01Cr3+, 0.1Sr2+ exhibits three times greater emission intensity than Mg3Al2GeO8: 0.01Cr3+ 

sample, and the FWHM increased to ~12 nm. The additional [MgO6] sites contributed from 

the newly generated Sr impurity phase and the structural distortion in the Cr3+ occupied sites 

are responsible for the emission enhancement. In addition, a series of Ga3+ co-doped Mg2.9(Al2-

yGay)GeO8: 0.01Cr3+, 0.1Sr2+ (y = 0, 0.5, 1, 1.5) samples have been developed. The partial Ga3+ 

substitution created some weak crystal field environment [GaO6] suitable for Cr3+ ions to 

occupy. The combined emission from the strong and weak crystal field environment resulted 

in a broadband emission (600 nm to 1050 nm) with an FWHM of ~154 nm covering the first 

biological window region effectively. Hence, the developed phosphors are suitable for bio-

imaging applications. Finally, various phosphor-converted LEDs have been fabricated using 

commercial 410 nm and 450 nm LEDs. The sharp red emitting LED produced by combining 

410 nm LED with Mg2.9Al2GeO8: 0.01Cr3+, 0.1Sr2+ phosphor having 100% colour purity can 

be used for display application. The 410 nm LED combined with Mg2.9(AlGa)GeO8: 0.01Cr3+, 

0.1Sr2+ phosphor can be used for plant growth application since the absorption range of 

phytochrome Pfr matches well with the emission range of the developed LED. Moreover, the 

NIR LED produced from Mg2.9(Al0.5Ga1.5)GeO8: 0.01Cr3+, 0.1Sr2+ phosphor having increased 

FWHM finds potential application in night vision surveillance. 

 

Chapter 4: Inducing defects to boost the persistent luminescence in novel cyan emitting rare-

earth free strontium zirconium silicate for dynamic anti-counterfeiting and plant growth LED 

applications 
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Chapter 4 reports a novel cyan-emitting persistent phosphor suitable for security and plant 

growth applications. Initially, a self-activated Sr2Zr(SiO3)4 phosphor is developed from the 

reported Ca2Zr(SiO3)4. The persistence emission and photoluminescence intensity of the above 

phosphors are enhanced with NH4Cl concentration. The XRD pattern of the synthesised sample 

matches with monoclinic-Sr3Y2Si6O18 (JCPDS 00-065-0204), and this led to the development 

of a novel self-activating persistent cyan emitting Sr2Zr2(SiO3)6 phosphor. The Sr2+ and Zr4+ 

ions share six, seven, and eight co-ordinate environments in the host. The XRD analysis 

revealed the presence of a secondary orthorhombic Sr3Zr2O7 phase with some impurity peaks 

of precursor materials. The various planes in the host lattice were confirmed from the HRTEM 

analysis. The optimised Sr2Zr2(SiO3)6: 12 wt% NH4Cl phosphor material with high intensity 

and persistent luminescence shows potential application in information storage due to its self-

activated property. The presence of oxygen vacancies in these samples was identified from the 

XPS analysis. The Bi3+ co-doping and the vacuum treatment increased the cation vacancies and 

oxygen vacancies in the sample. Interestingly, an orange-red emission is observed around 620 

nm due to Bi3+ incorporation. The oxygen-vacancy-induced electronic localisation around the 

Bi3+ ions are the main reason for the orangish-red luminescence peak. The optimised vacuum-

treated Sr2Zr2(SiO3)6: 12 wt% NH4Cl, 0.02Bi3+ sample with high persistence luminescence has 

been used for information storage. The designed QR code using the above phosphor mixed 

with rare earth-free deep red phosphor stores the information CSIR NIIST, which can be read 

out and found suitable for security applications. Further, the material is used for anti-

counterfeiting applications. Here, the vacuum-treated Sr2Zr2(SiO3)6: 12 wt% NH4Cl, 0.02Bi3+ 

material is incorporated with rare earth-free deep red phosphor. Meanwhile the high intense 

Sr2Zr2(SiO3)6: 12 wt% NH4Cl phosphor has been mixed with deep red emitting phosphor and 

combined with 280 nm LED and 410 nm LED for the plant growth applications. 

 

Chapter 5: Conclusions 

 The phosphor materials received a lot of attention owing to their ability to produce light 

in various wavelength ranges. The thesis focused on the development of various inorganic 

oxide phosphors with high quantum yield through the crystal field engineering of the currently 

available phosphors. The thesis can shed light on the various methods to improvise and tune 

the properties of the phosphor material for the desired application. Structural and optical studies 

of each compound have been studied in detail, and these studies were correlated with suitable 
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experimental proofs. The developed deep red phosphor was used for the WLED and plant 

growth application. The crystal field and engineering and activator ion modifications done on 

the above phosphor could produce deep red to NIR emitting phosphors, and these phosphors 

find potential application in the deep red/NIR LEDs and in In vitro bioimaging applications. 

The third chapter deals with the self-activated persistent cyan-emitting phosphors that can be 

used for security and plant growth applications. 
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1.1 Abstract 

Deep red/NIR emitting phosphors are becoming the hot area of research during these 

times owing to their wide variety of applications in various fields, including lighting, display, 

imaging, and many others. The transition metal ions, especially Mn4+ and Cr3+ activated oxide 

phosphors possess admirable merits such as high chemical and thermal stability, eco-friendly 

preparation, and emission in the deep-red/NIR region. It is important to mention that Mn4+ 

doped oxides usually show emission spectra peaking above 650 nm. Thanks to this emissive 

property, Mn4+/Cr3+ doped germanates can be the best choice for lighting, display, sensing, 

bioimaging etc.  Moreover, the emission of these phosphors can be extended to the near-

infrared region. Most of the reports on Mn4+ activated phosphors concentrate on the white light-

emitting diode applications. Whereas the reports on Cr3+ activated phosphors are focused on 

their deep red to near-infrared emission. This chapter mainly focused on the Mn4+ and Cr3+-

activated deep red/near-infrared emitting oxide phosphors, especially germanates. The 

octahedral sites in germanate oxides are ideal for accommodating these transition metal ions 

and thoroughly discussed the crystal structure-dependent luminescence behaviour of the 

reported germanate phosphors. In addition to that, we have also discussed various methods for 

improving the luminescence properties of these phosphors. Finally, we have presented possible 

potential applications of the reviewed phosphors. We believe that this review will give the 

insight to develop new deep red/ near-infrared emitting phosphors and it will be helping the 

researchers to improve the luminescence properties of different existing phosphors. After all, 

it will be good to make a better understanding of the reported work in this area in a short time. 

Meanwhile an overview of the self-activated persistent phosphor mechanism and a detailed 

description of the cyan emitting persistent phosphors and its application in various areas are 

elaborated in the final part of this chapter. 

 

1.2 Review on deep red-emitting rare-earth free germanates and their efficiency as well 

as adaptability for various applications. 

 

1.2.1 Introduction  

Red emitting phosphors have crucial roles in the areas of solid-state lighting, field 

emission displays, thermal sensors, solar cells, plant cultivation, bio-imaging, and many 

others.1-6 The activators used in the red-emitting phosphors can be sharp band red-emitting 

rare-earth ions (Eu3+, Pr3+, Sm3+), broad-band red-emitting rare-earth ions (Eu2+, Ce3+), and the 

sharp band deep red-emitting transition metals (Mn4+, Cr3+). The sharp-band red-emitting 
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phosphors produce a red colour with high quantum efficiency, which is eye sensitive for 

humans. However, the absence of a wide excitation band in the ultra-violet (UV) or blue region 

limits their applications in light-emitting diodes (LEDs).7 The broad-band red-emitting 

phosphors such as nitrides, oxynitrides, silicates, aluminates, which are mostly activated by 

Eu2+ ions, have better LED applications while comparing with that of Eu3+ doped phosphors. 

Nitrides hosts such as CaAlSiN3:Eu2+ and Sr2Si5N8:Eu2+ are known as efficient phosphors 

owing to their broad absorption band, high luminescence intensity, and low thermal 

quenching.8, 9 However, these broad red-emitting phosphors possess either harsh synthesis 

conditions, high production cost, toxicity, or poor chemical and thermal stability.10 Moreover, 

the inability of Eu2+ ions in producing emissions beyond 650 nm in the visible region and non-

radiative loss due to the re-absorption phenomena further restrict their practical utility in 

several fields including agriculture.11 Eventually, the focus of the research community recently 

moved to the development of red-emitting phosphors activated by transition metal ions such as 

Mn4+, Mn2+, Cr3+, and Bi2+. 12-15 In addition, a strong interest is grown in producing phosphors, 

which exhibit broad absorption in the UV and blue regions and are able to emit sharp-band red 

or deep-red lights and emission.12, 16, 17  

Among all the transition metal ions, Mn4+ ions may be the better choice for red-emitting 

phosphors since the spectral position of the red emission (600-790 nm) can be tuned by 

appropriate modification in their crystal field environment as the position of their emission 

peaks depends upon the host employed.16, 17 The intense absorption band in the UV and blue 

region is attributed to the spin-allowed 4A2g → 
4T1g, 

4T2g transitions. The excited electrons in 

the 4T1g and 4T2g states non-radiatively relax to the 2Eg state leading to a spin forbidden 2Eg → 

4A2g transition, which is responsible for the red emission. Generally, Mn4+ ions prefer to occupy 

the octahedral site as they possess strong crystal field stabilization energy in an octahedral 

environment.16, 17 The Mn4+ ions can be very well substituted for Ga3+ 18, Al3+ 11, Ge4+ 6, Ti4+ 

19, Sb5+ 20, Si4+21, Sn4+ 22, Zr4+ 23, Ta5+ 24, Te6+ 25, Sc3+ 26, Nb5+ 27, W6+ 28 etc. in the unit cell, 

and thus, the covalency of Mn4+-ligand bonding can be altered.  

Another deep red-emitting transition metal under consideration is Cr3+ for synthesizing 

deep red-emitting phosphors. Although the Cr3+ ion has the essentially same electronic 

configuration as the Mn4+ ion (i.e., 3d3), their electronic transitions are quite different.29 In fact, 

Mn4+-doped oxide and fluoride phosphors emit only red light caused by the 2E2 → 4A2 

transitions (strong crystal field) 30, but Cr3+-doped oxide phosphors can emit red light caused 
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by the 2E2 → 4A2 transitions or deep red/far-red/near-infrared light caused by the 4T2 → 4A2 

transitions (weak crystal field).31 Similarly, Cr3+-doped fluoride phosphors emit only deep red 

or far-red/near-infrared light due to the 4T2 → 4A2 transitions.32 Comparing to Mn4+ activated 

hosts, Cr3+ activated hosts have some other merits such as emission in deep red and near-

infrared (NIR) region, long persistence, etc. The emission of Cr3+ doped phosphors in the NIR 

region generates its applications in near-infrared bio-imaging, dark glow signage, 

photodynamic tumour therapy, night vision surveillance, etc.33-35 On the other hand, its 

emission in the deep-red region could facilitate the applications in solid-state lighting, plant 

photo-morphogenesis, solar concentrator, display etc. 36-38   

Fluorides, oxides, and oxyfluorides are the three types of hosts where the Mn4+ ions can 

be doped efficiently. In particular, Mn4+ doped fluoride hosts are getting huge attention owing 

to their ability in producing intense red emission in the region of 600 to 640 nm, high colour 

purity, broad excitation bands in the UV and blue regions.39, 40 Because of the eye-sensitive 

red-emitting nature below 640 nm, these materials are promising candidates for improving the 

colour rendering index (CRI) of white light-emitting diodes (W-LEDs).41 Eventually, these 

phosphors can be efficiently used for the backlighting in liquid-crystal displays (LCDs) and 

LEDs since the transmittance spectrum of the optical filters matches well with that of the 

narrow red emission produced by these phosphors.42 Among the various fluoride compositions 

having the empirical formula of A2MF6:Mn4+ fluoride phosphors (A = alkali metal; M = Ge, 

Ti, Si, etc.), K2SiF6:Mn4+ and K2TiF6:Mn4+ are the popular phosphors for the W-LEDs 

application.43, 44 But the synthesis of these phosphors requires a highly corrosive HF solution. 

In addition, the obtained fluorides are suffering from low stability and have considerable 

moisture sensitivity, which makes them inadequate for high-temperature applications. 

Furthermore, the red emission from the Mn4+-activated fluorides usually gets saturated at a 

certain excitation power, which restricts their commercial utility.39 Eventually, the highly 

electronegative fluoride environment is also not favourable for tuning the red emission peak 

above 650 nm.45  

Meanwhile, the researchers have started to focus on oxyfluoride hosts, which combine 

the advantage of fluorides as well as oxides. In comparison with other hosts, oxyfluoride may 

possess non-centrosymmetric structures as the incorporation of the fluorine into the oxide sites 

will lead to a distortion of polyhedron coordination.46 Furthermore, due to the similar ionic 

radii of the F- and O2- ions,47 the formation of a stable anionic sub-lattice is possible in 
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oxyfluorides, owing to which, oxyfluorides show excellent absorption and emission properties. 

These phosphors are widely applicable in W-LEDs also in the areas of catalysts, batteries, UV 

shielding properties, etc.48-51 The most researched oxyfluoride material is Sr3AlO4F due to its 

easy synthesis, its better stability, and its excellent luminescence property. However, this host 

can be optically activated by Eu3+ ions only for producing red-orange emissions which have 

their own drawbacks including the lack of broadband absorption and emission nature, as 

mentioned earlier.49-51 Hence the studies on Mn4+ doped oxyfluorides have gathered some 

attention for the last few years. Few red-emitting Mn4+ doped oxyfluorides phosphors such as 

BaNbOF5:Mn4+52, Cs2NbOF5:Mn4+53, Na2WO2F4:Mn4+54, Rb2NbOF5:Mn4+55, and 

Cs2WO2F4:Mn4+56have been reported recently. Even though these phosphors exhibit 

satisfactory luminescence properties, they could not eliminate the usage of HF solution during 

their synthesis, make them imperfect in large-scale eco-friendly production.  

 

The oxide hosts bear more advantages due to the excellent thermal and chemical 

stability and outstanding material properties including hardness, larger transparency, etc.57 

Compared with the oxyfluoride hosts, the oxide hosts exhibit stronger covalence, weaker 

polarizability, and lesser thermal vibration which make them favourable for attaining intense 

red emission.58 Chen et al. reported that the Mn4+ ions in fluoride hosts are associated with the 

2Eg value ranging from 626 nm to 635 nm.17 While in oxide hosts, its range becomes wider 

from 652 nm to 713 nm owing to the high covalency of oxides, and considerable shifting of 

energy levels due to the nephelauxetic effect.17, 59, 60 Such a wide spectral range of Mn4+ ions 

in oxides can extend their application by taking the advantage of deep red emission. 

Furthermore, a solid-state synthesis is an easiest and adaptable method for synthesizing various 

Mn4+-activated oxides since it includes simplified stoichiometric mixing, grinding, and high-

temperature heating.10 In the various oxide hosts, Mn4+ can easily be stabilized in aluminates, 

germanates, titanates, zirconates, niobates, arsenate, etc.16 Germanate-based phosphors are a 

promising host as they provide the most optimal octahedral sites for Mn4+ ions due to the same 

ionic radii and charge of Ge4+ and Mn4+ ions.47 The recent rising of germanates as the suitable 

hosts of Mn4+ ions for producing deep red emission above 650 nm attracted our focus to 

accomplish a detailed review of their progress as the prominent deep red-emitting phosphor 

systems. The development scheme of deep red-emitting phosphors from nitrides to Mn4+/Cr3+ 

activated germanates and gallates is represented in Fig. 1.1 
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Fig.1.1 Development scheme of deep red-emitting phosphor. 

 

 This chapter focuses on the Mn4+ and Cr3+ activated germanates with deep red/ NIR 

emission above 650 nm. Such deep red emission systems are highly capable of providing a 

larger colour gamut and thereby accomplish the parameter values for ultra-high-definition 

television systems according to ITU-R BT.2020-2 recommendations.6 So far, some interesting 

germanate host systems have been proposed from the formulas of A–Ge–O and M–Ge–O (A 

= Alkali metal; M = alkaline-earth metal), which can emit deep red emissions in the desired 

wavelength region under UV and blue excitation. Although these germanates are generated 

using the same chemical formula, however, their crystal arrangements are not similar. This is 

because of the fact that the crystal structure mainly depends on the size of the monovalent 

cations at the A or divalent cations at the M site as well as on the bond length of Ge–O. Hence, 

there are decent possibilities for finding new phosphors based on the alkali- or alkaline-earth 

germanate system depending upon a suitable search for one or a combination of alkali or 

alkaline-earth metal ions. Therefore, we emphasize the structural and spectroscopic properties 

of Mn4+ and Cr3+ activated deep-red/NIR emitting germanates for some of their special 

characteristic features, which are discussed in sections 1.4 and 1.5 of this review. Additionally, 

we have also discussed the various techniques employed to enhance the red emission like 

synthesis methodologies, crystal structure, the role of activator, dopant concentration, 

temperature, etc. Simultaneously, the electronic properties of transition metal ions of these 

germanate phosphors have also been presented. Also, some of the important applications and 

future perspectives of these germanate phosphors are discussed. Meanwhile, the last part of 

this chapter describes the self-activated persistence luminescence mechanism. Moreover, a 

Eu2+

doped
Nitrides & 

Phosphates

High thermal
stability

Eu3+ doped
Fluorides

Eu3+ doped
Oxides & 

Oxyfluorides

Deep red emission

High colour purity

Structural stability

Mn4+/Cr3+

doped
Germanates & 

Gallates

Emission in eye 
sensitive region
High QY

High thermal
& chemical
stability



7 

 

brief description of the currently available cyan persistent phosphor and persistent phosphor 

applications are displayed. 

 

1.2.2 Basic ionic configurations of Mn4+ and Cr3+ ions 

The general electronic configuration of both Mn4+ and Cr3+ is 1s22s22p63s23p63d3, while 

their ground state valence electronic configuration in an octahedral environment is t2g
3eg

0. This 

half-filled t2g
3 orbital provides extra stability to manganese and chromium in their +4 and +3 

oxidation state, respectively. Moreover, the fascinating electronic, magnetic, and spectroscopic 

properties of these metal ions are possible due to their favourable electronic configuration. 

There will be 8 LS terms originating from the Coulomb interaction that occurs between the 

electrons in the unfilled d orbitals and they were generally denoted by 2S+1L. Here “L” 

represents the total angular momentum while “S” stands for the total spin. The eight LS terms 

denoted by 4F, 4P, 2G, 2P, 2D(1), 
2F, 2D(2), and 2H are consisting of two spin quarters, and six 

spin doublets. According to Hund’s rule, the first term 4F corresponds to the ground state while 

the remaining terms correspond to the excited states.61, 62 Further, each term is found to be 

degenerate to (2S+1) (2L+1) states and the number of degenerate states for all the 8 terms will 

give rise to 120 possible combinations. Hence, the three electrons can be distributed in the 3d 

orbitals in 120 ways.61, 62 The energy values of the LS coupling terms in the d3 electronic 

configuration are provided in terms of the Racah parameters B and C in Table 1.1.61, 62 By 

substituting the Racah parameter values of Cr3+, Mn4+, Fe5+, and V2+ free ions given in Table 

1.2, the energy values for 8 LS terms for each of these ions having a d3 system are estimated 

and illustrated in an energy level diagram in Fig. 1.2. The splitting of LS terms and energy 

position of the split sublevels highly depend on the strength and symmetry of the crystal field. 

The splitting of LS terms of Mn4+, Cr3+, and all other ions having d3 or d7 electronic 

configuration is listed in Table 1.3. 62 
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Table 1.1 Energies of eight electrostatic terms (LS terms) in the d3 system in terms of B and 

C taking the energy of ground-level 4F as zero. Adapted from ref. 62 

Term(s)                                     Energy 

4F 0 

4P 15B 

2P     9B+3C 

2D(1), 
2D(2)                                        20B+5C±√193𝐵2 + 8𝐵𝐶 + 4𝐶2 

2F   24B+3C 

2G     4B+3C 

2H 9B+3C 
        

 

 

Table 1.2 The Racah parameters values of free ions having d3 electronic 

configuration. Adapted from ref. 62 

Ion B (cm-1)              C (cm-1) 

V2+                                      766 2855 

Cr3+                                      918                       3850 

Mn4+                                 1160 4303 

Fe5+                                   1210 5066 

 

Table 1.3 Splitting of LS terms of the d3 (or d7) configuration in the Oh or Td group. Adapted 

from ref. 62 

The electrostatic 

terms 

Td or Oh groups irreducible 

representation 

P-term (L=1) T1 

D-term (L=2) T2+E 

F-term (L=3) A2+T1+T2 

G-term (L=4)  A1+E+T1+T2 

H-term (L=5)  E+2T1+T2 
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Fig.1.2 Energy levels diagram of the free V2+, Cr3+, Mn4+, and Fe5+ ions by taking the energy 

of ground state energy as zero. Adapted from ref. 62 

 

1.2.2.1 Simplified Tanabe-Sugano (T-S) energy level diagrams of Mn4+ and Cr3+  

The simplified T-S diagram shown in Fig.1.3 represents the splitting of the energy 

levels of Mn4+ and Cr3+ ions in an ideal octahedral environment. The energy difference between 

the ground state 4A2g and the excited state 4T2g is 10Dq (Dq is the crystal field intensity). For a 

Dq/B value less than 2.1, the first excited state is 4T2g, and after that 2Eg becomes the first 

excited state, as represented in Fig.1.3. The strong and weak crystal fields can be distinguished 

in the T-S diagram by a point at which the 4T2g and 2Eg levels intersect, as marked in Fig.1.3.   

 

Fig.1.3 Simplified T-S diagram in the octahedral crystal field for ions having d3 electronic 
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configuration. Adapted from ref. 57  

 

The separation between the 4A2g ground state and the 2Eg and 2T1g states is practically 

independent of crystal field strength Dq. While Cr3+ ion can experience both strong as well as 

weak field environments, Mn4+ ion, on the other hand, experiences only a strong field 

environment because of its larger positive charge.62, 63 A general energy level diagram of Mn4+ 

and Cr3+ in a strong field environment is shown in Fig.1.4 (a) The bands arising from the 

ground state, 4A2g → 2Eg, 
2T1g, 

4T2g, 
2T2g, 

4T1g are called R line, R' line, U band, B, line, and Y 

band, respectively. The ions from the higher excited states come down to 2Eg excited state 

through non-radiative transition, and then their transition from the 2Eg state to the ground state 

results in emission.63 In the case of Mn4+ ion, as already discussed, the sharp emission peak 

corresponds to the spin forbidden 2Eg → 4A2g transition. Depending upon the crystal field 

environment, the spectral position of this transition can vary over a wide range of 620 to 723 

nm. Also, the two broad excitation bands correspond to the spin-allowed transitions of 4A2g → 

4T1g (
4F) and 4A2g → 4T2g. Another spin allowed transition is 4A2g → 4T1g (

4P), however, it is 

generally covered by the host absorption as well as the charge transfer.17, 59, 60 For a case study, 

we used Mn4+ doped NaMgGdTeO6 phosphor, 64 and the energy level diagram  

 

Fig.1.4 (a) General energy level diagram for Mn4+ and Cr3+. Adapted from ref.63; (b) Typical 

energy level diagram of Mn4+ showing excitation and emission (NR representing non-

radiative transition). Adapted from ref. 64 
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consisting of all possible transitions in Mn4+ is shown in Fig.1.4 (b). Here the electrons from 

the higher excited 4T1g, 
2T2g, and 4T2g states may relax to the lower excited 2Eg state through a 

non-radiative transition and then completely transfer to the ground state resulting in a deep red 

emission.17, 64 Similarly, for Cr3+ ion, let us consider an example of Cr3+-doped ZnGa2O4 

phosphor with the energy level diagram consisting of all possible transitions in Cr3+ shown in 

Fig.1.5 65. Here the substitution of Al3+ ions in the Ga sites does not make any changes in the 

diagram except a slight upward shift in the conduction band (represented in green colour). The 

excitation of electrons from the ground state to excited states or 4T1 (
4P) in the conduction band 

leads to its trapping which facilitates the persistence in these phosphors. The non-radiative 

relaxation occurs to the 2Eg state and the transition from this state to the ground state results in 

a red emission. 65  

 

Fig.1.5 Typical energy level diagram for Cr3+. (NR representing non-radiative transition) 

Adapted from ref. 65 

 

1.2.2.2 Crystal field analysis  

As we already discussed, the Racah parameters B and C are the characteristics of an 

oxide ion within a metal oxide compound. The introduction of the Mn4+ and Cr3+ ions in the 

crystal field results in the formation of the chemical bond between the metal 3d orbitals and 

the ligands resulting in the nephelauxetic effect. Subsequently, the hybridization between these 

metal ions and ligands becomes maximized resulting in the reduction of the Racah parameters. 

Irrespective of the same Mn4+ and/or Cr3+ ionic doping, the reduction in the Racah parameters 

are found to be different for each host, causing a wide variation in the energy value of their 
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emission peak.59 Considering the case of Mn4+-activated fluoride phosphors, the emission peak 

lies in the range of 620-640 nm owing to the comparatively weak hybridisation effect.66 

However, in the case of oxides, the emission peak lies above 650 nm due to a strong 

hybridisation effect.66 Hence, it can be concluded that the position of the 2Eg level of Mn4+ and 

Cr3+ highly depends on the covalency, nature of ligands, and bond angle in chemical bonds. 59, 

60, 67, 68 The energy level difference between 4A2g and 4T2g of Mn4+ and Cr3+ is 10Dq, which can 

be represented as follows, 67  

                   10Dq =
K

Rn
                                   (1.1) 

here R is the bond length between the cation and the ligand, while n and K are the fitting 

parameters. The value of power ‘n’ depends on the nature of ligands, the geometry of the 

complex, etc. Depending upon the systems, it varies from 3.5 to 7.3 – as was shown by many 

quantum-chemical calculations.67, 69, 70, 71 Ogasawara et al. estimated the value of n and K for 

CrO6 and MnO6 clusters and observed that the value ‘n’ for Cr3+ is greater than Mn4+ showing 

that the 10Dq value of Cr3+ ions is more sensitive to bond length in comparison with Mn4+ 

ions.63 The nephelauxetic ratio (β1) can be introduced for predicting the position of the emission 

spectrum since the 2Eg level (generally for Mn4+) can be written as the linear function of this 

parameter. The nephelauxetic ratio can be estimated using the following equation. 59, 72, 73 

   𝛽1 = √(𝐵
𝐵0

⁄ )
2

+ (𝐶
𝐶0

⁄ )
2

               (1.2) 

where B0 and C0 represent the values of Racah parameters of free Mn4+ ions. 

 

The value of Dq can also be estimated from the absorption spectrum using the equation,  

                                               Dq = E (4A2g → 4T2g) / 10                (1.3) 

The Racah parameter B can be obtained from the absorption spectra by considering the 

peak energy difference between the two transitions 4A2g → 4T1g and 4A2g → 4T2g. The equation 

used for calculation 64, 73 

                                              
𝐷𝑞

𝐵
=

15(𝑥−8)

𝑥2−10𝑥
          (1.4) 

where the parameter x is given by  

                  x = [E (4A2g → 4T1g) - E (4A2g → 4T2g)] / Dq          (1.5) 

 

The Racah parameter C can also be calculated from the emission spectrum using the 

peak energy value from the 2Eg → 4A2g transition and the obtained B value. 64, 73         
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                  E (2Eg → 4A2g) / B = 3.05C / B + 7.9 – 1.8B / Dq         (1.6) 

 

The T-S diagram is used for interpreting the optical spectra and the splitting of energy 

levels however it is not applicable for crystal fields having lower symmetry than cubic. Hence 

a method can be used by finding the eigenvalues of the crystal field Hamiltonian. The 

eigenvalues of the following crystal field Hamiltonian can be used for representing the energy 

levels of impurity ions with the d-electron shell (p = 2, 4) and f-electron shell (p = 2, 4, 6) (in 

our case, Mn4+ and Cr3+ ions having d3 electronic configuration) in a crystal field of arbitrary 

symmetry. 74 

                                  𝐻 = ∑ ∑ 𝐵𝑝
𝑘𝑂𝑝

𝑘𝑝

𝑘=−𝑝
𝑝=2

                          (1.7)    

where the 𝐵𝑝
𝑘 represents the crystal field parameters which are obtained from the crystal 

structure data and the 𝑂𝑝
𝑘 is the linear combination of appropriately selected tensor operators 

which were acting on the angular part of the dopant ion’s wave function. Thus, it can be 

concluded that these parameters include all the geometrical and structural characteristics of the 

host lattice. The crystal field parameters 𝐵𝑝
𝑘, with reference to the Exchange Charge Model 

(ECM), can be written as, 75 

 

𝐵𝑝
𝑘 = 𝐵𝑝,𝑞

𝑘 + 𝐵𝑝,𝑆
𝑘          (1.8) 

𝐵𝑝,𝑞
𝑘 = -𝐾𝑝

𝑘𝑒2 < 𝑟𝑝 > ∑ 𝑞𝑖
𝑉𝑝

𝑘(𝜃𝑖,𝜑𝑖)

𝑅
𝑖
𝑝+1𝑖        (1.9) 

𝐵𝑝,𝑆
𝑘 = 𝐾𝑝

𝑘𝑒2 2(2𝑝+1)

5
∑ (𝐺𝑠𝑆(𝑠)𝑖

2 +𝑖 𝐺𝜎𝑆(𝜎)𝑖
2 + 𝛾𝑝𝐺𝜋𝑆(𝜋)𝑖

2)
𝑉𝑝

𝑘(𝜃𝑖,𝜑𝑖)

𝑅𝑖
  (1.10) 

 

The term 𝐵𝑝,𝑞
𝑘  describes the electrostatic interaction between the dopant valence 

electrons and the host metal ions while the term 𝐵𝑝,𝑆
𝑘  represents the overlap integral of wave 

functions of the dopant ion and the ligands. The summations are performed over the lattice ions 

i with charge qi; Ri, θi, and φi denote the spherical polar coordinates of the ith ion of the crystal 

lattice in the reference system centered at the dopant ion. Here, the average  <rp> of the pth 

power of electron radial coordinate (r) can be calculated using the radial parts of the wave 

function of 3d orbitals. The values of the various constants like 𝐾𝑝
𝑘, 𝛾𝑝, and 𝑉𝑝

𝑘 are provided in 

reference.75 The overlapping integrals between d-functions of the dopant ion, and the s- and p-

functions of the ligands having different ‘l’ and ‘m’ quantum numbers are defined in terms of 

Ss, Sσ, and Sπ; where (in ⟨𝑙𝑚|𝑙′𝑚′⟩ notation) Ss = <d0|s0>, Sσ = <d0|p0> and Sπ = <d1|p1>. Gs, 
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Gσ, and Gπ represent the dimensionless adjustable parameters obtained from the positions of 

the first three absorption bands of the given crystal. It is possible to approximate Gs = Gσ = Gπ= 

G, thereby reducing the number of parameters which is a key feature of the ECM approach. 

The value of G could be obtained by fitting the position of the calculated first absorption band 

to the observed first absorption band. The superiority of the ECM is that if the G parameter is 

determined to fit the first absorption band, the other higher energy levels will also fit 

experimental spectra quite well.74 Brik et al. carried out the crystal field analysis for 

KAl(MoO4)2:Cr3+ 74 Here the Cr3+ ion is entering into the octahedral Al3+ site. The energy value 

obtained for 2Eg(
2G) from ECM is 13516 cm-1 which is very close to the experimental value 

(13512 cm-1). All other energy values obtained using ECM are also well matching with the 

experimental data.74  

 

1.2.2.3 Configuration Coordinate model 

The electron-phonon interaction of Cr3+ and Mn4+ ions with the lattice vibrations can 

very well be analysed using the configurational coordinate model. The model assumes that the 

local environment of Cr3+ and Mn4+ ions vibrate harmonically about their mean position. Fig.1. 

6 shows the potential energies of the electronic states expressed as a function of the vibrational 

coordinate for the case of a strong crystal field. The electron-phonon interaction plays a vital 

role in the absorption and emission processes taking place at the impurity centre. Consequently, 

the photoluminescence excitation (PLE) and photoluminescence (PL) spectra of Cr3+ and Mn4+ 

in solids can be explained using Frank-Condon analysis with the configurational coordinate 

model. Here the positions of excitation and emission lines are given as, 57, 76, 77 

hνex = EZPL+ khνp,ex       (1.11) 

hνem = EZPL- lhνp,em       (1.12) 

where, hνp,ex and hνp,em represent the lattice vibrational quanta for the excited and ground state, 

respectively. The absorption and emission bands could be considered as consisting of several 

lines representing the transitions between the vibrational levels, for example, the vibrational 

level l of the ground electronic state, and k of the excited electronic state. Using the 

Configurational Coordinate model, the spectral distribution of the excitation and emission 

spectra could be illustrated as, 57 

IPLE(E) = ∑ 𝐼𝑛
𝑒𝑥(𝑛)exp [−

(𝐸−𝐸𝑍𝑃𝐿−𝑛ℎ𝜈𝑝,𝑒𝑥 )
2

2𝜎𝑒𝑥
2 ]𝑛      (1.13) 

IPL(E) = ∑ 𝐼𝑛
𝑒𝑚(𝑛) exp [−

(𝐸−𝐸𝑍𝑃𝐿+ 𝑛ℎ𝜈𝑝,𝑒𝑚 )
2

 

2𝜎𝑒𝑚
2 ]𝑛      (1.14) 
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where, 𝐼𝑛
𝑒𝑥(𝑛) =  𝐼0

𝑒𝑥exp (−𝑆)
𝑆𝑛

𝑛!
                                                                    (1.15) 

𝐼𝑛
𝑒𝑚(𝑛) =  𝐼0

𝑒𝑚exp (−𝑆)
𝑆𝑛

𝑛!
                                                                  (1.16) 

where, 𝐼0
𝑒𝑥 and 𝐼0

𝑒𝑚 represent the ZPL intensity, S, the mean local vibrational number, and 

𝜎𝑒𝑥 and 𝜎𝑒𝑚 represent the broadening energy of each Gaussian component.57  

 

 

Fig.1.6 Configuration coordinate model representing typical PL emission and absorption 

transition along with the schematic representation for the PL and PLE spectra of the Mn4+-

activated oxide phosphor (S = Stokes; a-S = anti-Stokes). Adapted from ref. 57 

 

1.2.3 Mn4+-activated deep red-emitting germanate phosphors 

The literature available on different Mn4+-activated hosts is represented in Fig.1.7 (a). 

Since the red-emitting fluoride host has some unavoidable drawbacks (mentioned earlier), the 

search for a new efficient phosphor ends up with Mn4+-activated red-emitting oxide hosts. 

Nowadays, major studies on oxides are taking place in between aluminates,11 titanites,61 

germanates,6 pyro-silicates,61 Perovskites,28 double perovskites,24, 57 etc. (Fig. 1.7 (b)). Among 

the different oxide hosts, aluminates, titanates, and germanates are getting more research 

interests because of the similar ionic radii of Al3+ (AlVI: 0.535 Å), Ti4+ (TiVI: 0.605 Å), and 

Ge4+ (GeVI: 0.530 Å) with that of Mn4+ (MnVI: 0.530 Å) in an octahedral environment.47 In an 

octahedral environment, the d-orbital splits into three-fold degenerate t2g and two-fold 

degenerate eg states, and the three valance electrons of Mn4+ occupy the lower t2g energy level. 

The crystal field splitting creates a large energy splitting between t2g and eg states leading to 
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the crystal field stabilization of Mn4+ in the octahedral environment.78 Fig.1.8 shows the 

trigonal crystal structure considering the occupation of Mn4+ in the tetrahedral and octahedral  

 

Fig.1.7 Chart showing the available literature on different Mn4+ activated (a) hosts and (b) 

oxide hosts. (Based on the literature collected from the Web of Science published during 

January 2000-December 2020). 

 

environments. Here Ge4+ ions coordinate with four oxygen atoms to form a tetrahedron and 

coordinates with six oxygen atoms to form the octahedron. Mostly Mn4+ occupies the 

octahedral sites provided by the Ge4+.  

 

 

Fig.1.8 Structure of trigonal crystal structure with the occupation of Mn4+ in octahedral and 

tetrahedral sites drawn using the VESTA software.79 
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Comparing to titanites, aluminates, and even other Mn4+ doped oxide hosts, germanates 

are even more superior due to their structural stability. Even though the octahedral sites of Mn4+ 

can be easily replaced by the Al3+ ions, these systems require the use of a charge compensator 

owing to the ionic mismatch between Al3+ and Mn4+ ions. The charge imbalance between these 

two ions promotes some electronic defects which not only reduce the intensity of emission but 

also affect the emission profile of Mn4+. Considering aluminates, their covalency is higher 

(greater than germanates) which leads to the decrease of interactions among electrons and 

results in the spread out of electrons over wide orbitals.80 Since charge defects are unfavourable 

for luminescence intensity, high temperature and long calcination time are required during their 

synthesis although it is not economically favourable.80, 81 On the other hand, Mn4+ and Ti4+ 

have the same ionic charges, and this charge equivalency helps in eliminating electronic defects 

as well as the incorporation of charge compensator. However, small differences in their ionic 

sizes (0.065 Å) are sufficient to perturb the symmetry distortion in their crystal lattice thereby 

lowering the stability of the titanium host. In comparison with the Al3+ and Ti4+, Ge4+ ion has 

the same ionic radii and charge as that of Mn4+ ion, and thus doping of Mn4+ does not make 

any charge imbalance and symmetry distortion of the crystal lattice. This charge equivalency 

helps in eliminating electronic defects as well as the incorporation of charge compensator. 

Further, the use of energy-consuming experimental conditions can also be avoided due to the 

lack of these charge defects. To confirm the site suitability in germanates mathematically, a 

parameter called effective compensating factor can be used in six coordinated environments 

which can be defined as φ = z/r where z is the ionic charge, and the r is the ionic radius in that 

octahedral environment. This value for Mn4+ and Ge4+ is found to be the same (7.54). 47, 81 The 

emission intensity of Mn4+-activated phosphors highly depends upon its local symmetry, that 

is presence or absence of an inversion centre at the Mn4+ site.82 Ji et al. reported Mn4+-activated 

double-perovskite structural La4Ti3O12, which possesses a slightly- and highly-distorted 

Ti(1)O6 and Ti(2)O6 octahedra, respectively.83 The Mn4+ ion occupying Ti(1) site possesses a 

centre of inversion with symmetry of C3i, while the Mn4+ ion occupying Ti(2) site has a reduced 

symmetry of C3. High distortion in Ti(2)O6 octahedra makes MnTi(2) less stable than the 

MnTi(1) by 0.09 eV as calculated from the density functional theory (DFT). As a result, the 

ratio of the zero-phonon line (ZPL) with vibronic emission intensity of MnTi(2) is larger than 

those of MnTi(1).83 The list of synthesis parameters, crystal structure and space groups of most 

of the recently reported germanates are tabulated in Table 1.4, and their spectroscopic 

parameters are tabulated in Table 1.5. 
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Table 1.4 Synthesis parameters, crystal structure and space groups of Mn4+-doped germanate  

Germanates Temp. 

(˚C) 

Holding 

time 

(h) 

Optimal 

Mn conc. 

(mol%) 

Crystal structure Space group Ref 

K2BaGe8O18 1050 6 0.2 Hexagonal P3c1 66,151 

BaAl2Ge2O8 1200 2 0.1 Monoclinic 12/C 105 

BaGe4O9 1100 10 2  Trigonal P321 107 

BaGe4O9 1100 6 0.5 Trigonal P321 106 

Ba2GeO4 1400 4 0.6 Orthorhombic Pnma 102 

Ba2MgGe2O7 1000 6 1.3 Tetragonal P42m 104 

Ba2TiGe2O8 1050 6 0.6 Orthorhombic Cmm2 103 

K2Ge4O9 850 4 0.08 Trigonal P3̅c1 91 

K2Ge4O9 800 4 0.4 Trigonal P3̅c1 94 

K2Ge4O9 900 6 0.1  Trigonal P3̅c1 90 

K2Ge4O9 900 6 0.2 Trigonal      P3̅c1 93 

K2MgGeO4 920 8 0.4 Orthorhombic Pnma 95 

La3GaGe5O16 1300 12 0.25 Triclinic p21/c 110 

La2MgGeO6 1400 6 0.2  Hexagonal R3H 109 

LiAlGe2O6 900 8 0.6 Trigonal P-3m1 112 

LiGaGe2O6 900 8 0.6 Monoclinic P21/c 112 

Li2MgGeO4 920 8 0.4 Orthorhombic Pnma 95 

Li2Ge4O9 900 6 0.2 Orthorhombic P21ca 93 

Li2Ge4O9 800 6 0.3 Orthorhombic Pcca 86 

LiNaGe4O9 900 6 0.2 Orthorhombic Pcca 93 

Li3RbGe8O18 800 4 0.5 Trigonal P3̅1𝑚 6 

Mg3Ga2GeO8 1300 6 0.5 Orthorhombic 𝐼mma 111 

Mg7Ga2GeO12 1400 10 0.5 Orthorhombic Cmmm 113 

Mg2GeO4 1250 5 0.1 Orthorhombic Pnma 98 

Mg14Ge5O24 1300 8 1 Orthorhombic Pbam 80 

Mg3.5Ge1.25O6 1000 3 0.5 Orthorhombic Pbam 132 

Mg3Y2Ge3O12 1350 6 1 Cubic 𝐼a3̅𝑑 115 

Mg6ZnGa2GeO12 1400 5 1 Orthorhombic Cmmm 114 

Rb2Ge4O9 800 4 0.4 Trigonal P3̅C1 94 

SrGe4O9 1100 6 0.5 Trigonal P321 106 
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Table 1.5 Spectroscopic properties of some of the important germanates 

 

 

 

 

Germanates CIE  

 

QE 

(%) 

 

𝝀em 

(nm) 

𝝀exc 

(nm) 

2Eg 

(cm-1) 

4T2g 

(cm-1) 

4T1g 

(cm-1) 

Dq 

(cm-

1) 

B 

(cm-

1) 

C 

(cm-

1) 

Ref 

K2BaGe8O18 (0.702, 0.298)  32.9  666 468 15015 21645 28571 2164 654 3345 66 

BaAl2Ge2O8 (0.720, 0.279)  28  668 288 15345 19443  26543 1945 690 3390 105,151 

BaGe4O9          -- 61  666 335,465 15015 20408 29411 2040 740 2980 107 

Ba2GeO4 0.7187, 0.281  22.5  667 290 14990 19847 26624 1985 650 3360 102,151 

Ba2MgGe2O7 (0.721, 0.279)  14.3 660 289 15563 22025 30255 2205 805 3190 104,151 

Ba2TiGe2O8 (0.719, 0.281)  35.6  666 300 14990 20492 25414 2050 445 3820 103,151 

K2Ge4O9 (0.719, 0.280)  57.8  664 300,450 15060 22271 31250 2227 900 2821 93 

K2MgGeO4           --  -- 667 310,470 15232  18556 24365 1855 545 3675 95 

La3GaGe5O16           -- 68  660 330 15151 21413 30303 2141 856 2947 110 

La2MgGeO6          -- -- 708 320 14124 21551 29761 2155 807 2719 109 

LiAlGe2O6 (0.72, 0.27)  32  671 289 14885 18879 23558 1890 425 3840 112,151 

LiGaGe2O6 (0.72, 0.27)  15  669 289 14942 18395 23881 1840 510 3660 112,151 

Li2Ge4O9 (0.723, 0.277)  30.7  669 330,450 14947 22522 29069 2252 608 3423 93 

Li2MgGeO4 (0.699, 0.300)  -- 671 323,470 15167 17749 21783 1775 365 4080 95,151 

LiNaGe4O9 (0.723, 0.278)  58.9  661 330,450 15128 22371 28571 2237 571 3566 93 

Li3RbGe8O18           --  -- 667 460 14998 19201 23558 1920 390 3950 6,151 

Mg3Ga2GeO8 (0.295, 0.677)  64.7  659 419 15401 21138 25817 2115 420 4015 111,151 

Mg7Ga2GeO12 (0.713, 0.287)  28.1  660 420 15426 20815 24920 2080 365 4150 113,151 

Mg2GeO4          --  -- 659 303,420 15635 20654 25252 2065 415 4110 98,151 

Mg14Ge5O24 (0.62, 0.29)  81  659 422 15603 20331 24607 2035 380 4170 80,151 

Mg3.5Ge1.25O6          --  -- 660 405,450 15522 20573 25414 2055 435 4015 132,151 

Mg3Y2Ge3O12          -- 64  658 288,421 15595 21944 27269 2195 480 3930 115,151 

Mg6ZnGa2Ge

O12 

(0.717, 0.283)  -- 660 420 15385 21380 25978 2140 410 4030 114,151 

Rb2Ge4O9          -- -- 657 345 15240 18475 23800 1850 495 3800 94 

SrGe4O9 (0.71, 0.29)  46  670 430 15240 19766 26785 1975 680 3380 106,151 
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1.2.3.1 Alkali metal-based germanate system 

The alkali germanate systems can be represented as A-Ge-O, where A represents the 

alkali metals such as Li, K, and Rb. Initially, the studies were concentrated on the A2Ge4O9 

alkali germanate system. In 2015, Kunitomo and co-workers synthesized red-emitting 

orthorhombic Li2Ge4O9:Mn4+ using a glass-ceramic route.84 It has a slightly distorted GeO6 

octahedron connected with [GeO3]n-chains to form a three-dimensional framework and shows 

a sharp emission peak at a wavelength of 670 nm. 84 But the thermal quenching even below 

100˚C makes Li2Ge4O9:Mn4+ inappropriate for several practical applications. Odawara et al. 

prepared nanocrystals of Li2Ge4O9:Mn4+ by employing a modified glass-ceramic route wherein 

they used YAG laser irradiation operated at 1064 nm.85 Cao et al. used a conventional solid-

state method with the usage of flux to synthesize this Li2Ge4O9:0.003Mn4+ phosphor for W-

LED application with a high quantum yield and deep red emission.86 All the raw materials 

along with the flux were taken in the stoichiometric ratio and grounded and heated at a 

temperature of 800˚C for 6 h. The obtained phosphor has a quantum yield of 80.3%, and good 

thermal stability better than the K2SiF6:Mn4+ sample. At 300˚C, Li2Ge4O9:0.003Mn4+ could 

maintain 42% of its initial room temperature intensity. But at the same temperature, the 

emission intensity of K2SiF6:Mn4+ dropped to 18% of its initial intensity.86 Further, they have 

also studied the water resistance property of Li2Ge4O9:0.003Mn4+ and compared the outcomes 

with K2SiF6:Mn4+. Under the same experimental condition, the red emission of K2SiF6:Mn4+ 

reduced from 100% to 32% but no change in intensity is reported in the case of 

Li2Ge4O9:0.003Mn4+ showing its superior moisture resistance.86  

 

The luminescence spectrum of tetra germanate LiNaGe4O9:Mn4+ phosphor is initially 

studied by Omel’chenko and co-workers wherein they observed a strong red and weak yellow-

green emission.87 Later, Suzuki et al. studied the effect of Na substitution on the luminescence 

properties of LiNaGe4O9:Mn4+ phosphors. 88 They have prepared Li2-xNaxGe4O9:Mn4+ samples 

using a glass-ceramic technique by melting the raw materials in the required stoichiometric 

ratio at 1200˚C for 30 min. The substitution of Na at the Li site helps in improving the 

quenching temperature as well as the quantum yield of the obtained phosphor. The same 

research group has also prepared LiNaGe4O9:Mn4+ by the solid-state method which shows 

greater quantum yield and better colour purity.88 This might be due to the suppression of crystal 

defects when prepared through solid-state synthesis at high temperatures resulting in the 

reduction of non-radiative transition.88 Solid-state synthesized LiNaGe4O9:0.05%Mn4+ with a 



21 

 

high quantum yield of 78% has been reported by Li and co-workers.89 To get the best 

performance of the phosphor they optimised synthesis condition at 850˚C for 3 h with 0.05% 

Mn4+. The emission peak consists of the strongest peak at 661 nm in the deep-red region along 

with some shoulder peaks centred at 666, 676, 682, and 687 nm. These peaks are attributed to 

the 2Eg → 4A2g transition of Mn4+ ions in the octahedral environment and its vibronic sidebands. 

The broad excitation spectrum is observed in the UV and blue region and peaks were centred 

at 295 nm due to the spin allowed 4A2g → 4T1g and 462 nm due to spin allowed 4A2g → 4T2g 

transitions, respectively. The emission intensity of this phosphor is about four times higher than 

that of commercially available 3.5MgO•0.5MgF2•GeO2:Mn4+ [MFG: Mn4+]. The main reason 

behind its better emission intensity is its crystal structure which is shown in Fig.1.9 (a) and (b). 

The PL plots of LiNaGe4O9:Mn4+ and MFG: Mn4+ samples are shown in Fig.1.9 (c). Here Mn4+ 

is efficiently doped into the GeO6 octahedra. The layer of the GeO6 group is separated by the 

layer of GeO4 and each GeO6 is connected to the three GeO4 polyhedra by sharing common 

corners. Also, none of the GeO6 is connected to each other showing the good isolation of the 

GeO6 octahedra. Since Mn4+ ions are occupying these octahedral sites, the interactions between 

these Mn4+ ions are weakened or blocked leading to stronger luminescence and higher quantum 

yield.89  

 

Fig.1.9 (a) and (b) Crystal structure of LiNaGe4O9:0.05%Mn4+ (orthorhombic-Pcca) viewed 

along a and b; (c) Comparison of PL emission intensities of LiNaGe4O9:Mn4+ and MFG: 

Mn4+. Reproduced with permission from ref. 89 

 

(c)
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Ding et al. reported novel trigonal K2Ge4O9:0.001Mn4+ (KGO: Mn4+) prepared using 

solid-state reaction.90 The unit cell of trigonal K2Ge4O9 is composed of both octahedral and 

tetrahedral sites wherein the octahedral site is preferred by the Mn4+. Here the concentration of 

Mn4+ is optimised to be 0.1 mol% and the concentration quenching mechanism of the sample 

is explained by the energy transfer mechanism involved between the Mn4+ ions. The emission 

spectrum of the sample under blue excitation is centred at 663 nm and the corresponding 

commission internationale de l'éclairage (CIE) values are found to be (0.702, 0.296) which is 

close to that of commercialised MFG: Mn4+. This phosphor could be applied in W-LEDs owing 

to its satisfactory luminescence intensity and CIE values. But the major problem depicted for 

this phosphor is its low thermal quenching. The thermal quenching property has been explained 

using the configurational coordinate diagram, where at high temperature the electrons absorb 

an energy from the lattice vibration and come back to the ground state through a non-radiative 

transition. The easy path provided by the charge transfer band Mn4+˗O2- is the main reason for 

the lower thermal stability of the sample.90  

 

Li et al. predicted the energy levels of Mn4+ ion in the same phosphor by crystal field 

calculation based on the ECM which is well matching with the phosphor prepared using similar 

experimental conditions.91 The calculation result shows the red emission peak at 663 nm and 

450-470 nm wavelength range of blue absorption. From the calculation, both Ge1 and Ge2 

octahedral sites are found to be favourable for the Mn4+. Here an important observation made 

from the structural analysis is that there are two octahedral germanium sites and that the mean 

bond lengths of Ge-O are 1.8937 Å and 1.8988 Å.91, 92 These shorter bond lengths indicate the 

higher covalence around Mn4+, which is favourable for longer emission and excitation 

wavelength and this is also matching with the experimental results.91 

 

Li et al. prepared partial alkali substituted KxRb2-xGe4O9: 0.02%Mn4+ to enhance its 

photoluminescent properties.45 Structural analysis of Rb2Ge4O9: Mn4+ suggested that Mn4+ ions 

prefer to occupy GeO6 octahedral sites, which are surrounded by GeO4 tetrahedrons. 

Surrounding GeO4 tetrahedrons can favour structural isolation of Mn4+ from local perturbations 

and also it can weaker interaction among Mn4+ ions. Due to the partial substitution of K for Rb, 

a slight shifting of X-ray diffraction (XRD) peaks towards a higher diffraction angle and a 

decrease in interplanar spacing have also been observed. The contraction of crystal lattice upon 

the substitution of K+ ion indicates the presence of higher crystal field strength. From the PL 

analysis, it is observed that Rb2Ge4O9:Mn4+ shows a comparatively lower intensity than 
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K2Ge4O9:Mn4+
 but the partial substitution of K in this compound helps to increase the luminous 

intensity. It is observed that the K1.5Rb0.5Ge8O18: Mn4+
 sample shows a significantly larger 

intensity than the K2Ge4O9:Mn4+ sample. The blue excitation peak observed for 

Rb2Ge4O9:Mn4+ shifts gradually from 480 nm to 462 nm with the increase of potassium content 

but no change in the UV excitation peak indicates that the incorporation of potassium content 

affects the 4T2 energy level but not the 4T1 energy level. This effect can be efficiently used for 

designing a new material having tailored blue excitation. The strongest emission peak of Mn4+ 

is shifted from 666 nm to 663 nm while moving from Rb2Ge4O9:Mn4+ to K1.5Rb0.5Ge8O18: 

Mn4+. The presence of potassium increases the energy of the 2Eg level because of the decreased 

covalency of the Mn–O bond in MnO6 octahedra since potassium ion possesses lower 

polarizability than Rb+ ion. The emission lifetime is observed to increase gradually with 

potassium substitution. The quantum yield value of K1.5Rb0.5Ge8O18: Mn4+ is higher than that 

of K2Ge4O9:Mn4+, and it is much greater than Rb2Ge4O9:Mn4+. The emission lifetime and 

thermal stability are also much shorter in Rb2Ge4O9:Mn4+
 and it is found to be enhanced with 

the partial K+ substitution.45 

 

A detailed study on the influence of alkali ions on the luminescence property of Mn4+-

activated MGe4O9:Mn4+ (M = Li2, Li-Na, and K2) as a function of various alkali ions has been 

carried out by Xue and co-workers.93 They have also adopted a similar milder solid-state 

methodology for the syntheses of these samples. Apart from the already discussed results, the 

calculated Dq /B values for these three phosphors are found to be greater than 2.2 indicating 

that Mn4+ is experiencing a stronger crystal field. As the energy of the emission spectrum is 

mainly influenced by the nephelauxetic effect, their obtained 𝛽1 value is found to be distinct 

for the three different phosphors showing that the nephelauxetic effect is varying with different 

phosphors according to the type of host. As expected, the phosphor having smaller 2Eg value 

has smaller 𝛽1 indicating the host experiencing comparatively strong nephelauxetic and emit 

lights in the lower wavelength region.93  

 

Another study on K2Ge4O9:Mn4+ and Rb2Ge4O9:Mn4+ phosphors has been carried out 

in order to get a clear insight on the dependence of their optical properties on the chemical 

compositions and the temperature.94 In these germanates, Mn4+ ions occupy two germanate 

octahedral sites, but the Mn–O bond length is dissimilar for these two sites. Usually, Mn4+ ions 

occupying Ge–O sites with larger bond length experience smaller crystal field splitting and the 

corresponding 4T2g band locates at a lower energy region. Owing to the smaller Mn–O distance 
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in K2Ge4O9 comparing to Rb2Ge4O9 results in stronger crystal field splitting for K2Ge4O9. 

Meanwhile, Mn4+ ions occupying a site with a smaller Mn–O bond length show a higher 

thermal quenching temperature. As we know, the Racah parameter, B, is the measure of inter 

electronic repulsion in 3d orbitals, and the maximum value is achieved for free Mn4+ ions, 

which is equal to 1160 cm-1. The redshift observed in the emission spectrum with increasing 

temperature may be due to the decrease of Dq, B, or C. But the magnitude of these parameters 

with temperature clearly shows that the value of B increases with the temperature while the 

decrease in Dq value is minor. These results strongly suggest that the redshift in the spectrum 

is due to the considerable decrease of C value with an increase in temperature. This shows the 

strong influence of Racah parameter C on the luminescent properties of these phosphors. The 

Racah parameters B and C can be related through the Slater-Condon parameters F2 and F4.
94  

 

                                         B =F2 – 5F4    and    C = 35 F4                    (17)   

 

 Here the parameters F2 and F4 describe the electrostatic interaction between the 

electrons in the unfilled shell of Mn4+ ions. Therefore, the covalent character of M–O bonds 

mainly affects the parameter F2.  These two equations indicate that the decrease in F4 is the 

reason for the decrease in the C value and the increase in the B value. However, it is quite 

difficult to generate a simple relation between B and C, which hinders the exact prediction of 

the position of the emission wavelength of these phosphors. In fact, the bond angle Mn4+–O–

Mn+ (M stands for neighbouring cations) has a strong influence on the parameter C and less 

effect on B. Brik et al. demonstrated a correlation between the energy position of the Mn4+ and 

the Mn4+–O2––Mn+ bond angle in the materials possessing a perovskite structure.59 A bond 

angle close to 180˚ results in a small value for C. Hence, a highly ionic host with a bond angle 

that deviates more from 180˚ B as well as C coefficients should have larger values resulting in 

a blue shift. In K2Ge4O9 and Rb2Ge4O9, the decrease in crystal field strength and increase in B 

value with the increase in temperature is due to the thermal expansion of the host which results 

in a reduction in the covalent interaction between Mn4+ and O2- .94  

 

Li et al. reported a novel red-emitting K2BaGe8O18:0.002Mn4+ for W-LEDs application 

with an emission spectrum centred at 666 nm.66 They adopted the conventional solid-state 

method for synthesis with a calcination temperature of 1050˚C for 6 h. The crystal structure of 

this compound consists of four octahedral Ge4+ sites (Ge1-Ge4) and three tetrahedral Ge4+ sites 
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(Ge5-Ge7) (Fig.1.10 (a)). However, the PL origin is only due to the occupancy of Mn4+ at 

octahedral Ge sites. Here the obtained excitation spectrum is deconvoluted into four Gaussian 

curves centred at 313 nm, 350 nm, 391 nm, and 462 nm and these are attributed to the Mn4+–

O2- charge transfer band, spin allowed 4A2 → 4T1, spin forbidden 4A2 → 2T2, and spin allowed 

4A2 → 4T2 transitions, respectively (Fig.1.10 (b)). To understand the energy transfer 

mechanism involved in the concentration quenching, critical distance has been calculated to 

35.75 Å. As the exchange interaction plays a significant role only when the critical distance 

value is less than 5 Å, further evaluation was carried out wherein the dominant energy transfer 

mechanism is caused by the electric dipole-dipole interactions. While increasing the Mn4+ 

concentrations from the optimum leads to the reduction of emission lifetime, which implies the 

faster decay of the emission because of the energy transfer among the Mn4+–Mn4+ pairs. The 

crystal field analysis is also carried out and the obtained value of Dq/B (3.31) is high enough 

since Mn4+ ions experience a stronger crystal field in the GeO6 octahedra compared to other 

germanates. As the 2Eg → 4A2g transition depends mainly on the nephelauxetic effect rather 

than on the strength of the crystal, the nephelauxetic ratio (0.9604) was also estimated.66  

 

 

Fig.1.10 (a) Crystal structure of K2BaGe8O18:Mn4+ (hexagonal-P3c1); (b) PL excitation and 

emission spectra of K2BaGe8O18:0.002Mn4+. Reproduced with permission from ref.66  

 

Cao et al. introduced two red-emitting phosphors Li2MgGeO4:0.004Mn4+ and 

K2MgGeO4:0.004Mn4+ and found that the former one has greater intensity while the latter one 

easily deliquescence at room temperature.95, 96 The shift in the emission position between these 

phosphors may be attributed to the difference in the ionic radii of Li+ and K+.95 Another novel 

deep red-emitting phosphor Li3RbGe8O18:0.005Mn4+
 was reported by Singh and co-workers 

(a) (b)
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which shows better emission intensity greater than other available alkali tetra germanate hosts.6 

Here a combinatorial chemistry approach is used for finding the best emitting phosphors among 

A–Ge–O systems where A can be alkali metals such as Li, Rb, K, or their combination. At first, 

the ratio between A:Ge was fixed as 2:4, then 21 compositions based on this ratio were prepared 

as shown in Fig.1.11 (a) and studies were extended with four other ratios (A: Ge =2.25:4, 2.5:4, 

2.75:4, 3:4). Then out of the total 105 prepared samples, the sample Li3RbGe8O18:Mn4+ was 

found to show maximum emission intensity Fig.1.11 (b). The crystal structure of 

Li3RbGe8O18:Mn4+ shown in Fig.1.11 (c) consists of GeO4 tetrahedra and GeO6 octahedra. 

While the bond length of all Ge–O bonds in the GeO6 octahedra are identical, two values are 

observed for the bond length of Ge–O bonds in the GeO4 tetrahedra. 

 

 

Fig.1.11 (a) Design of the phosphor-composition search space; (b) Comparison of PL 

emission spectra of Li3RbGe8O18:0.005Mn4+ with L2Ge4O9:Mn4+, K2Ge4O9:Mn4+ and 

Rb2Ge4O9:Mn4+; (c) Crystal structure of Li3RbGe8O18 (trigonal-P31m); (d) Comparison of 

PL emission spectra of Li3RbGe8O18:0.005Mn4+ with K2SiF6:Mn4+. Reproduced with 

permission from ref.6  

 

(a) (b)

(c) (d)
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Although its emission intensity is observed to be lower than K2SiF6:Mn4+ as shown in 

Fig. 1.11 (d), its PL spectrum falls in the deep-red region.6 Recently a novel deep red-emitting 

phosphor Li3Cs1-yRbyGe8O18:0.01Mn4+ was also prepared using a similar methodology as 

described for the Li3RbGe8O18:0.005Mn4+ sample.97 The PL intensity of Li3Cs1-

yRbyGe8O18:0.01Mn4+ phosphor increased to about 1.75 times compared to its corresponding 

rubidium phosphor, while its internal quantum efficiency is also increased by 1.57 times.97  

 

1.2.3.2 Alkaline-earth metal-based germanate systems 

Xue and co-workers discovered a long persistent phosphor Mg2GeO4:0.001Mn4+ and 

reported its long glow luminescence properties.98 The emission of the Mg2GeO4:0.001Mn4+
 

lasted for 30 min, which can be observed with the naked eye. This phosphor is a well-suited 

deep red long-lasting or storage phosphor for many applications. The persistence luminescence 

(PersL) of this phosphor is enhanced by the substitution of Ln3+ ions (Ln3+ = Pr3+, Er3+, Yb3+, 

and Nd3+) at the Mg2+ sites. The addition of these Ln3+ ions with larger ionic radii (as compared 

to the Mg2+) caused cationic distortions which create some additional defects. Among the 

various co-doped samples, the persistent emission from the phosphor composition of 

Mg2GeO4: 0.001Mn4+, 0.005Yb3+ lasts for 2 h. The performance of the persistent emission 

depends highly on the carriers captured in the trapping centres. Compare to other co-doped 

samples, the trapping centres introduced by Yb3+ ions in Mg2GeO4:0.001Mn4+,0.005Yb3+ 

significantly enhanced the persistence behaviour of this composition, and making this material 

good for room temperature long persistent emission. Here the substitution of Yb3+ ions in the 

Mg2+ sites may lead to the formation of defects and the positive defects are acting as the 

electron traps whereas the negative defects act as the hole traps.98  

 

Liang et al. reported Mg14Ge5(1-0.2%)O24: 0.2%Mn4+ phosphor having a high quantum 

yield of 81%.80 Crystal structure analysis of this compound revealed that the Ge4+ ions occupied 

two tetrahedral and one octahedral site. The octahedral site occupies the centre of lattice faces 

as well as the vertex of the crystal lattice (Fig.1.12 (a)). Further, these octahedrons are 

connected to each other by sharing the same vertices, and Mn4+ ions occupy these six 

coordinated octahedral sites and act as the luminescence centres. As seen from Fig.1.12 (b), 

the highest PL intensity, as well as quantum yield is reported for 1 mol% Mn4+-doped 

Mg14Ge5O24 phosphor. This is because of the fact that this composition possesses high 

crystallinity without any defects. Also the lattice distortion is found to be negligible due to 

well-matched ionic radii and the charge between Ge4+ and Mn4+. Meanwhile, this composition 
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also exhibited appreciable emission intensity at elevated temperatures as it maintained 64% PL 

intensity at 60 ºC relative to the PL intensity at 20 ºC.80  

 

 

Fig.1.12 (a) Crystal structure of Mg14Ge5(1-0.2%)O24:0.2%Mn4+ (orthorhombic-Pbam); (b) The 

change of emission intensity and quantum yields as a function of Mn4+ concentration. 

Reproduced with permission from ref.80  

 

 

The emission intensity of this phosphor is enhanced by Zn2+ substitution in the Mg2+ 

site since this substitution makes some ionic rearrangement in the crystal. The difference in 

ionic radii between Zn2+ and Mg2+ leads to the lattice distortion of the crystal.99 Q. Huang et 

al. reported Bi3+ and Mn4+ co-doped Mg14Ge5O24 phosphor for optical agriculture 

application.100 Comparing with the single Mn4+ doped phosphor, the Bi3+ co-doped one has 

enhanced emission because of the energy transfer mechanism involved between Bi3+
 and 

Mn4+.100 Another detailed study on this phosphor was carried out by Liang and co-workers who 

substituted cations such as Ti4+, Sn4+, and Si4+ for the Ge4+ site since the cation substitution is 

the better way to tune or enhance the emission in matrix sensitive activator such as Mn4+ doped 

phosphors.101 In the PL emission spectra, the peak located at 639 nm is identified as the ZPL. 

The peaks located at lower energy (above 639 nm) are the Stokes shift emission peak whereas 

the peak located at higher energy (below 639 nm) is the anti-Stokes shift emission peak. The 

Ti4+ substituted Mg14Ge4.5Ti0.5O24:Mn4+ has higher emission intensity which is about 2.49 

times greater than the Mg14Ge5O24:Mn4+. The addition of these cations leads to the formation 

of energy or electron trapping defects which helps in increasing the emission intensity.  

(a) (b)
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The change in the intensity of the ZPL is also observed with the cationic substitution. 

The ZPL is very sensitive to lattice distortion hence, the degree of lattice distortion is calculated 

by the polyhedron distortion index. The quantum yield of the optimized Mg14Ge4.5Ti0.5O24: 

Mn4+ sample is 94% which could maintain up to 85% of the initial intensity at 473 K.  

 

The low-temperature emission spectrum of Mg14Ge5O24:Mn4+ with cation substitution 

and without cation substitution was carried out at 6.9 K (Fig.1.13). Here the emission intensity 

gets significantly increased manifolds with Ti4+ and Sn4+ substitution while comparing with PL 

spectra recorded at room temperature. Moreover, the substitution of the three cations (Ti4+, 

Sn4+, and Si4+) leads to a slight redshift in their emission peaks, and the shifting increases with 

the increase in ionic radii of cations since these substitutions weaken the crystal field strength. 

The crystal field strength Dq has an inverse relation (Dq = Ze2r4/6R5) between the bond length 

(R) of the central ion with the ligand.101 Here the XRD refinement result indicates that with an 

increase in ionic radii of cations, the bond length is also found to be increased which weakens 

the crystal field strength resulting in a slight shift (redshift) in their emission peaks. 101  

 

 

Fig.1.13 Low-temperature PL emission spectra of MGO (Mg14Ge5O24:Mn4+) and cation 

substituted MGSO (Mg14Ge5O24:Mn4+, Si4+), MGTO (Mg14Ge5O24: Mn4+, Ti4+), and MGNO 

(Mg14Ge5O24: Mn4+, Sn4+) samples. Reproduced with permission from ref. 101  

 

Another class of alkaline-earth based germanate material is Ba2GeO4:0.006Mn4+.102 

Owing to its deep red-emitting ability peaking at 667 nm, Ba2GeO4:0.006Mn4+ can be used as 
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a red LED for indoor plant cultivation. This wavelength range is very close to the absorption 

peaks of the chlorophyll, and therefore suitable for the photosynthesis and photoperiodic effects 

of indoor plants. A novel thermally stable red-emitting Ba2TiGe2O8:0.006Mn4+ is also reported 

by Cao and co-workers for plant growth application.103 In this phosphor structure, a Ba2+ ion 

combines with the eight oxygens to form the BaO8 polyhedral, whereas a Ti4+ ion combines 

with the five oxygens to form the TiO5 polyhedral. On the other hand, a Ge4+ ion combines 

with four oxygens as well as with six oxygens to form GeO4 tetrahedra and GeO6 octahedra, 

respectively. Importantly, Mn4+ ions are expected to occupy the Ge4+ site in the GeO6 

octahedra. To confirm this, Mn4+ has been doped into two different sites Ge4+ and Ti4+ 

separately. It is observed that Mn4+ ions occupied the Ge4+ sites have greater intensity showing 

the site suitability of Mn4+ in GeO6 octahedra (Fig.1.14).103 

 

 

Fig.1.14 Comparison of PL emission spectra of Ba2Ti0.994Ge2O8:0.006Mn4+ and 

Ba2TiGe1.994O8:0.006Mn4+. Reproduced with permission from ref.103  

 

Lu et al. reported deep red-emitting double perovskite Ba2MgGe2O7:0.013Mn4+ 

phosphors prepared by a conventional solid-state methodology.104 These phosphors show a 

strong red emission band centred at 660 nm, while the maximum emission intensity is observed 

at 0.013 mol of Mn4+ concentration. The dipole-dipole interaction among the Mn4+ ions led to 

luminescence quenching.104 Fu et al. reported BaAl2Ge2O8:0.001Mn4+ phosphors for the plant 

growth application.105 In this composition, Mn4+ ions occupy either Al3+ or Ge4+ sites in the 

AlO4 and GeO4 tetrahedra. The results of temperature-dependence emission spectra and the 

calculated activation energy (ΔE = 0.36 eV) suggested that this phosphor composition is 

thermally stable. 105  
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Two alkaline-earth metal-based materials, SrGe4O9:0.005Mn4+ and 

BaGe4O9:0.005Mn4+ have been reported by Liang and co-workers for W-LED applications.106 

The crystal structure of these hosts has a great impact on their luminescence properties. Both 

BaGe4O9 and SrGe4O9 matrices are isostructural and consist of three different types of 

coordination environments: BaO8 polyhedral, GeO4 tetrahedral, and GeO6 octahedral. The 

GeO4 tetrahedra and GeO6 octahedra are connected, and Mn4+ ions are occupying the Ge4+ sites 

of GeO6 octahedra. As observed from the PL analysis, the emission intensity of 

BaGe4O9:0.005Mn4+ is higher than that of the SrGe4O9:0.005Mn4+ sample. Even though 

SrGe4O9 and BaGe4O9 are isostructural, the excitation peak position and shape of their 

emission spectra are different. This observation can be attributed to the change in the 

microstructure around Mn4+ ions, which might be occurred due to the difference in ionic radii 

between Ba2+ and Sr2+. Hence the crystal field strength and nephelauxetic effect may also be 

different for these two phosphors leading to the aforementioned difference in their spectra. 

Meanwhile, the PL emission intensities of BaGe4O9:0.005Mn4+ and SrGe4O9:0.005Mn4+ are 

observed to reduce half of the room temperature PL intensity at 180 ºC and 100 ºC, 

respectively, indicated that both phosphors have appreciable thermal stability. However, the 

absolute quantum efficiency of these phosphors is not even higher than 50.106  

 

Zhang et al. carried out the detailed crystal field studies on BaGe4O9:0.005Mn4+, and 

the obtained Dq/B = 2.7 value indicates that Mn4+ ions experience a strong crystal field in this 

host.107 The temperature-dependent PL analysis, including the low-temperature PL studies, is 

also carried out (Fig.1.15). The change in the PL excitation spectra at a temperature greater 

than 300 K is attributed to the activation of vibronic modes in the luminescence centres. While 

the PL intensity is found to be increasing with the decrease in temperatures. From the PL 

emission spectra, surprisingly, the ZPL identified at 666 nm has a relatively strong intensity 

over the temperature range of 10-300 K. No spectral shift is observed with temperature 

variation, but the peaks get broadened while increasing the temperature from 10-400 K. The 

broadening of peaks with temperature manifests the involvement of phonon in these transitions. 

The visibility of the ZPL is very much sensitive to the local symmetry of Mn4+ ions. The peak 

centred at 666 nm can be ascribed to the ZPL of the transition at the C3 site since this transition 

is much stronger than the ZPL of the transition at the centrosymmetric D3 site. At an ultra-low 

temperature of 10 K, the emission peak at 666 nm split into two peaks which may be appeared 

due to the formation of Kramer’s doublets since Mn4+ ion belongs to the d3 system.107 
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Fig.1.15 The temperature depended PL (a) excitation, and (b) emission spectra of 

BaGe4O9:0.005Mn4+. Reproduced with permission from ref. 107 

 

Another Sr-based novel Sr2MgGe2O7:0.007Mn4+
 phosphor is reported by Chen and co-

workers.108 The crystal structure of this phosphor consists of MgO4 tetrahedra and Ge2O7 

double tetrahedra which are connected through oxygen. It is believed that Mn4+ ions occupy 

the Ge4+ sites in Ge2O7 double tetrahedra. The crystal field studies show that the Dq/B value is 

approximately equal to 2.86 showing that Mn4+ experiences a strong crystal field, and the 

calculated nephelauxetic ratio is 0.9747. Also, Sr2MgGe2O7:0.007Mn4+ phosphor could 

maintain 60.3% of the room temperature emission intensity at 145˚C.108 

 

1.2.3.3 Lanthanum-based germanate systems 

The reports on lanthanum-based germanate phosphors are comparatively less 

numerous. The double perovskite La2MgGeO6:Mn4+ is a long persisting germanate producing 

deep red emission centred at 708 nm under UV excitation.109 The crystal structural analysis of 

this compound reveals that a La3+ ion is coordinated with 12 oxygen atoms. Although there 

exist both GeO6 and MgO6 octahedral, Mn4+ ions prefer GeO6 octahedral sites mostly. The 

alternatively arranged GeO6 and MgO6 octahedral help in increasing the distance between Mn4+ 

ions, owing to which intense deep red emission is observed. Based on the value of Dq/B (2.67), 

it is concluded that Mn4+ ions are experiencing a strong crystal field in the above host.109 

 

Another lanthanum-based germanate system is La3GaGe5O16:0.0025Mn4+, which can 

also be efficiently used in phosphor-converted W-LEDs.110 The crystal structure of this 

phosphor consists of GeO6
 octahedra, GeO4 tetrahedra, and GaO4 tetrahedra (Fig.1.16 (a)). 

(a) (b)
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Each octahedron is connected to six tetrahedrons while each tetrahedron is connected to two 

octahedrons, thereby forming the chains of composition [Ge(GaGeO4)3]. The PLE spectrum 

recorded at 659 nm shows three excitation bands originating from 4A2g → 4T1g, 
2T2g, 

4T2g 

transitions of Mn4+, while the PL spectrum recorded at 330 nm shows one sharp peak 

corresponds to the 2Eg → 4A2g transitions of Mn4+ (Fig.1.16 (b)). From the low-temperature 

PL analysis (Fig.1.16 (c)), two sharper peaks named B and D with one shoulder peak C, are 

observed at a temperature of 10 K. The intensity of these peaks gets reduced with the increase 

in temperature. However, the intensity of the anti-Stokes shoulder peak A gets increased with 

the increase in temperature. This abnormality is due to the thermal vibration in the host. Since 

the 2Eg → 4A2g transition is spin forbidden, therefore, the 2Eg state life time is rather long. 

Because of the increase in temperature and the thermal vibration, the electrons are coupled to 

the lattice. The electrons can jump from the lower vibrational energy level to higher and thereby 

making the balance in electron distribution in these two levels.110 Because of this, the shoulder 

peak appears and grows with the increase in temperature. But the PL intensity of other peaks 

decreases with an increase in temperature. 
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Fig.1.16 (a) Crystal structure of La3GaGe5O16:0.0025Mn4+ (trigonal-P321); (b) PL excitation 

and emission spectra; (c) Low temperature PL of La3GaGe5O16:0.0025Mn4+ phosphor. 

Reproduced with permission from ref.110 

 

1.2.3.4 Non-Ge4+ site occupancy of germanates 

There are some other germanate phosphors where the Ge sites may not accommodate 

Mn4+ ions. Mg3Ga2GeO8:0.005Mn4+
 is one of the best examples of such phosphors.111 Since 

Mn4+ ions stabilized in the octahedral environment. Herein, Mn4+ ions prefer to occupy 

octahedral sites provided by Mg2+ and Ga3+ ions instead of the tetrahedral sites of Ge4+ ions 

(a)

(b)

(c)
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(Fig.1.17 (a)). The variation in PL emission intensity with different Mn4+ sources doped in 

different sites is shown in Fig.1.17 (b), which ascertained the occupancy of the Mn4+ at 

Mg2+/Ga3+ sites.111 In addition, maximum emission intensity is seen when the source of the 

activator ion is MnO2. This observation reveals the octahedral preference of Mn4+ ions, and 

also indicates that Mn4+ ions have high crystal field stabilization energy in the octahedral 

environment. Cao et al. reported a deep red-emitting LiRGe2O6:0.006Mn4+
 (R = Al or Ga) 

composition where Mn4+ ions occupy the octahedral sites provided by Al3+ and Ga3+ ions. The 

emission intensity of the LiAlGe2O6:0.006Mn4+ and LiGaGe2O6:0.006Mn4+ are found to be 

different. After the occupation of the Mn4+ ions in Al3+ and Ga3+ sites of the host lattice, the 

bond of Mn-O in the GaO6 octahedral is become stronger than that in the AlO6 octahedral due 

to the different ionic radii of Al3+ and Ga3+ ions. Due to this, the PL intensity of 

LiAlGe2O6:0.006Mn4+ is found to be greater than that of LiGaGe2O6:0.006Mn4+
 under UV 

excitations.112  

 

 

Fig.1.17 (a) Crystal structure of Mg3Ga2GeO8 (orthorhombic-Imma); (b) PL emission spectra 

of Mg3Ga2GeO12:0.005Mn4+ with different Mn4+ sources and different dopant sites. 

Reproduced with permission from ref.111 

 

Another reported germanate is Mg7Ga2GeO12:Mn4+ where Mn4+ ions prefer Ga3+ 

sites.113 In this host, Mn4+ ions conveniently occupy Mg2+, Ga3+ and Ge4+ sites of 

Mg7Ga2GeO12:0.005Mn4+ and it was found that Mn4+ doped in the Ga3+ site has higher emission 

intensity as compared to when it is doped at the Mg2+ site. Further, this phosphor can be 

efficiently excited by blue light. In the case of Mg6ZnGeGa2O12:0.01Mn4+ phosphor, the XRD, 

as well as PL analysis reveals that Mn4+ ions occupy the octahedral (Mg2+(Zn2+)/Ga3+) sites.114 

This phosphor is a promising red-emitting candidate excited by near ultra-violet (NUV) 

chips.114 Jansen et al. reported a novel Mg3Y2Ge3O12:0.01Mn4+,0.015Li+ phosphor prepared by 

a sol-gel method. 115 Here, Mn4+ ions occupy the Mg2+ sites, and Li+ is incorporated for charge 

((b)((a)
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compensation. This phosphor shows extraordinary thermal quenching behaviour since its T1/2 

value is above 800 K, which is greater than the thermal quenching temperature T1/2 of red-

emitting Mg14Ge5O24:Mn4+. Because of these properties, this phosphor is a potential red 

candidate in phosphor blends of high-power W-LEDs.115  

 

Dong et al. reported novel orange red-emitting Ca3M2Ge3O12:Mn2+, Mn4+ (M = Al, 

Ga)116. Here, Mn2+ ions occupying Ca2+ sites produce the orange emission, whereas Mn2+ and 

Mn4+ ions occupying Al3+/Ga3+ sites produce red and deep red emission. 116 Lingling et al. 

reported the PL of Mg2Ti0.65Ge0.35O4:0.001Mn4+ by substituting Ge4+ ions in Ti4+ sites. 117 The 

incorporation of Ge4+ ions enhance the emission intensity. When Ge4+ is incorporated, there 

are two sites for Mn4+ to occupy and it is believed that replacement of Ge4+ by Ti4+ accelerates 

the translation of a greater number of TiO6 octahedral to contorted GeO6 octahedral and 

separation of adjacent TiO6 octahedral. As a result of this, the distance between isolated Mn4+ 

ions as well as the Mn4+—Mn4+ distance enhanced, which can decrease the energy transfer rate 

in the host thereby increasing the PL intensity. The PL emission spectra and the crystal 

structure are shown in Fig.1.18. 117  

 

Fig.1.18 (a) Crystal structure of Mg2Ti0.65Ge0.35O4:0.001Mn4+ (cubic-Fd3m); (b) PL emission 

spectra showing the effect of Ge substitution. Reproduced with permission from ref. 117 

 

1.2.4 Cr3+-activated deep red/NIR emitting germanate phosphors 

Detailed description on the ionic configuration of Cr3+ ion and its related luminescence 

properties in the various host materials can be found in Refs.31, 32 As we have already discussed 

in the introduction part, the studies on Cr3+-activated phosphors are mainly taking place in 

oxide hosts owing to their admirable merits comparing to fluorides. In comparison with Mn4+ 

activated phosphors, the Cr3+ activated phosphors have some advantages such as their 

(a) (b)
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capability in producing light in deep red and NIR region, long persistence, etc. Hence apart 

from the various display applications, these phosphors can extend their use in sensors, 

biomedical imaging, decoration, night vision surveillance, dark glow signage, security, etc.118 

Most of the studies on Cr3+-doped phosphors are based on gallates since Ga3+ can efficiently 

provide the octahedral site for Cr3+ because of their similar ionic radii and charge. The ionic 

radius of Cr3+ (CrVI: 0.615 Å) is quite close to the ionic radius of Ga3+ (GaVI: 0.620 Å) in an 

octahedral environment. 47. It is noteworthy to discuss the Cr3+-doped NIR emitting phosphors. 

Some of the important NIR emitting gallates and gallo-germanates are Zn3Ga2GeO8:Cr3+
 
119, 

ZnGa2O4:0.005Cr3+
 .

120 Mg4Ga4Ge3O16:0.005Cr3+ 121 and Ca3Ga2Ge3O12:0.01Cr3+ .122 

 

 Zhou et al. reported Cr3+-doped NIR emitting gallo-germanate garnet 

La3GaGe5O16:0.03Cr3+ for the luminescent solar concentrator, which can convert the photons 

from sunlight to the required deep or NIR radiation.123 Wang et al. reported Cr3+-doped NIR 

emitting Mg3Ga2GeO8:0.05Cr3+ phosphor for light source application in food analysis.124 This 

phosphor exhibits a broad emission band in the range of 650-1200 nm, which is matching with 

the overtones of vibration of molecules present in the food components, hence the details of 

water content or sugar content, as well as the damages in food materials, can be analysed by 

making use of these phosphors in the light source of food analyser (Fig.1.19). 124 

 

 

Fig.1.19 (a) Normalized transmission spectra of NIR light after penetrating water and (b) 

sugar solutions. Reproduced with permission from ref.124 

 

 

Besides these NIR emitting phosphors, some of the efficient Cr3+-activated deep red-

emitting phosphors are MgY2Al4SiO12:0.02Cr3+,125 Zn(GaAl)2O4:0.005Cr3+,0.01Bi3+,65 

((a) (b)
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MgGa2O4:Cr3+ ,126 etc. Chi et al. synthesized MgAl2O4:0.012Cr3+ by co-precipitation method 

which produces deep red emission centred at 687 nm.14 Further, a W-LED has fabricated by 

combining this phosphor with blue InGaN chip commercial YAG:Ce3+, and the produced W-

LED exhibited a CRI value of 3481 K and a CRI value of 78.14 Katayama et al. reported long 

persisting Cr3+-doped deep red-emitting phosphor LaAlO3:0.005Cr3+
 having emission band 

centred at 734 nm for in-vivo imaging application.127 The intensity of this phosphor is found to 

be greater than Cr3+-doped persistent phosphor ZnGa2O4:Cr3+, which shows an emission peak 

at 694 nm. The PersL properties and luminescence intensity of LaAlO3:0.005Cr3+ phosphors 

are found to increase with Sm3+-doping.127 There are different reports on the various types of 

Cr3+ activated phosphors but the focus of our review is deep red-emitting Cr3+ activated 

germanate phosphors. The reports on these categories of phosphors are comparatively less in 

number. Bai et al. prepared Ca3Al2Ge2O10:0.07Cr3+ phosphor by a solid-state method and it 

shows a broad emission band in the range of 650-750 nm peaking at 697 nm.38 The optimum 

concentration for Cr3+ in this phosphor is 0.07 mol. Bai et al. synthesized 

Zn3Al2Ge2O10:0.01Cr3+ phosphor by solid-state methodology.128 The heating condition 

required for the preparation of this sample in a box furnace is 1200˚C for 2.5 h. The phosphor 

can produce deep red emission in the range of 650-750 nm with an emission peak centred at 

694 nm under the excitation of 400 nm (Fig.1.20). Further, the introduction of Ca2+ ions in the 

Zn2+ sites of this phosphor could induce PersL properties and bluish-white light emission.128 

 

  

Fig.1.20 PL excitation and emission spectrum of Zn3Al2Ge2O10:0.01Cr3+. Reproduced with 

permission from ref.128 
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1.2.5 Amplification of deep red/NIR emission 

1.2.5.1 Effect of synthesis methods and particle morphology 

Methods adopted for the synthesis of phosphors have a great impact on their 

luminescence properties and potential applications. Phosphors prepared through different 

methods can produce different structures such as spherical, core-shell, nanoflakes, etc., and 

these may have pure or tuneable emission properties.129 As we already discussed the glass-

ceramic routes were used for the synthesis of nanocrystals of Li2Ge4O9:Mn4+
 and 

LiNaGe4O9:Mn4+. 
84, 85, 88 Even though they could make samples even in the nano range, the 

phosphor LiNaGe4O9:Mn4+ prepared by the solid-state reaction possesses greater colour purity 

as well as quantum yield compared to the sample prepared through the glass-ceramic route. 

The tetragermanate phase obtained for LiNaGe4O9:Mn4+ through the glass-ceramic route 

contains more defects than the solid-state sample.88 Suppression of defects that are acting as 

non-radiative centres during solid-state synthesis is the reason for improved quantum yield. 84, 

85, 88, 97-102.  

 

While discussing the effect of synthesis on deep red-emitting phosphor, the Mn4+ and 

Cr3+ sources have some relevance. The phosphor Mg3Ga2GeO8:0.005Mn4+ is prepared using 

two different sources of Mn, which are MnCO3 and MnO2. Then it is observed that phosphor 

prepared using MnO2 has better intensity. In the MnCO3 compound, Mn is divalent, and after 

calcination, many of the Mn2+ ions will not oxidize to Mn4+, some may be just oxidized to 

Mn3+. Hence the actual contribution of Mn4+ from MnCO3 is less than MnO2. (Fig.1.17 (b)).111 

In solid-state synthesis, fluxes can be used for lowering the sintering and reaction time along 

with improved crystallinity without making any reaction with raw materials. The lower melting 

point of flux compared to final calcination temperature can assure the liquid face during 

sintering which can further increase the mobility and homogeneity of solid reactants. The 

cationic radius of flux is large enough to avoid atomic substitution. The luminescence intensity 

and morphology of Sr2MgAl22O36:0.012Mn4+ phosphor are increased with the usage of flux 

H3BO3 since the addition of flux stimulate the ionic diffusion inducing enhanced red 

emission.130, 131 Most of the germanates mentioned in this article are prepared through the solid-

state method. But this method requires higher calcination temperature, and the chances for 

forming impurity phases are relatively high. The red emission of these phosphors and their 

morphology can be improved by implementing the sol-gel technique with a lower calcination 

time. Mg2TiO4:Mn4+ is one of the best examples that we can provide since the sample prepared 

through the sol-gel technique shows 2.24-fold emission enhancement in comparison with the 
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solid-state sample.129, 132 The microwave-assisted sol-gel technique is one method that we can 

suggest for red emission enhancement and nanoscale production of germanates. Our research 

group used the microwave-assisted sol-gel method efficiently to enhance the red emission of 

Li3RbGe8O18:0.005Mn4+ nanophosphor.133 Here the raw materials were taken in the 

stoichiometric ratio. The carbonates (Li2CO3, Rb2CO3, and MnCO3) were dissolved in HNO3 

to obtained their corresponding nitrates and then separate solutions of GeO2 and citric acid 

were mixed into this solution. The obtained resultant solution was placed in a microwave at 

different temperatures and microwave power for optimization (Fig.1.21). The microwave 

energy in the microwave-assisted method couples directly with the ions in the reaction medium. 

This results in effective internal volumetric heating, rapid and homogeneous heating of reaction 

medium, with minimal thermal variations. This method leads to uniform nucleation, producing 

uniform-sized crystalline nanoparticles with better performance. 

  

 

Fig.1.21 Schematic representation of microwave-assisted sol-gel synthesis. Adapted from 

ref.133 

 

Morphology has a great influence on photoluminescence property, and it is very 

important for some specific applications. Phosphor with spherical size can minimize the 

scattering, thereby elevating the luminescence properties. Also, phosphors with nano-size are 

highly desirable since particle with smaller size is preferred for higher resolution.80 But the 

greater surface effects of the nanoparticle may reduce the luminescence efficiency since the 

unsaturated bonds on the surfaces are capable to quench the luminescence centres on or near 

the surface. Hence, a method that can be adapted for red emission enhancement for germanate, 

that we can suggest is the synthesis of nanophosphor with a core-shell structure. Here surface 

coating with the non-metals can be used for reducing the surface effects, or metal shells can be 
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used to coat over the nanoparticle for metal enhanced luminescence. In the former case if we 

are using sensitizers in the shell additional luminescence enhancement may be visible. In the 

latter case, there may be an increased radiative transition and enhanced luminescence only if 

the distance between luminescence species and the metal surface is between 5-20 nm.134 A 

combination of noble metal nanoparticles with luminescence species is collectively called 

plasmons. The oscillation of surface electrons in the nanoparticle can interact with the incident 

light leading to increased light absorption cross-section. Dolgov and co-workers prepared 

Mg2TiO4:Mn4+ with core-shell Ag@SiO2 nanoparticles, and the luminescence intensity is 

observed to increase due to the core-shell structure (Fig.1.22).135 This approach can be used in 

the case of germanates. 

 

 

Fig.1.22 Emission spectrum of Mg2TiO4:Mn4+ for different concentration of Ag@SiO2 

nanoparticles having 40 nm Ag cores. Reproduced with permission from ref.135 

 

1.2.5.2 Cationic modifications and co-doping  

It is known that Cr3+ and Mn4+ ions are host-sensitive activators and the phosphors 

activated by these ions include 3d-3d transitions. Hence, the cationic substitution is one of the 

most efficient methods utilized for improving and modulating the emission intensity of these 

phosphors.101 It is already mentioned that partial substitution of K+ in the Rb+ site of 

Rb2Ge4O9:Mn4+ phosphor can lead to emission enhancement.45 Also, the partial substitution of 

Rb+ ions in the Cs+ sites of Li3CsGe8O18:0.01Mn4+
 phosphor improved its quantum efficiency 

from 37% to 55%.97 The optimized sample with the most efficient optical properties is 

Li3Cs0.5Rb0.5Ge8O18:0.01Mn4+. Also, a slight red shift is observed in the emission spectra with 

Rb substitution which can be attributed to the local crystal structure variation and stronger 

crystal field strength with Rb substitution. Structural rigidity has a great role in luminescence 
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property. Phosphor having greater structural rigidity shows greater emission. The substitution 

of Rb+ in the Cs+ site can alter the degree of distortion of Ge(1)O6 octahedra where Mn4+ ions 

are going to be incorporated.97 The change in the degree of distortion occurs because of the 

difference in the ionic radii of Rb+ and Cs+. From the calculation of the degree of distortion of 

Ge(1)O6 octahedra for different Rb substituted samples, the optimized sample 

Li3Cs0.5Rb0.5Ge8O18:0.01Mn4+ has the smallest value showing its high structural rigidity thus 

greater emission.97 While discussing how cationic modification enhancing red emission, the 

Ti4+, Sn4+, and Si4+ substituted Mg14Ge5O24:Mn4+ phosphor is worth mentioning even though 

it is mentioned in the alkali earth metal-based germanates in section 3.2. Here the substitution 

of Ti4+ at the Ge4+ site could enhance the emission intensity by 2.49 times. The enhancement 

of PL emission in the Ti4+ substituted phosphors can be attributed to the resonance effect. As 

we know the emission spectrum of Mn4+ is dominated by energy differences of some vibrionic 

bands which involved allowed transition. During their vibrionic transitions, the energy waves 

travelling in the lattice obey the periodic function given by, 101  

 

𝐼 = 4𝐼𝑜𝐶𝑜𝑠2 (
𝜋𝑑

𝜆
)                                                                          (1.18)  

 

where I represent the relative intensity and d is the distance between Mn4+ ions. The increase 

in d value due to the cation substitution can alter the intensities of emission. In addition, the 

intensity of the emission peak will be higher when d is an integral multiple of λ. This 

phenomenon is called the resonance emission enhancement effect, which plays a significant 

role in the enhancement of emission intensity in Ti4+ ions substituted Mg14Ge5O24:Mn4+ 

phosphor. 101  

 

Although in some cases, co-doping is carried out for charge compensation, this 

compensation is also found to be one of the efficient ways to tune the optical properties. In the 

case of Mg3Ga2GeO8:0.005Mn4+ phosphor, the emission intensity gets increased with the co-

doping of Li+ ions.111 Here as already discussed Mn4+ ions are substituting at Mg2+/Ga3+ sites. 

If Mn4+ ions are substituting at the Mg2+ sites, then the extra positive charges developed could 

be balanced by co-doping of Li+ ions at the Mg2+ sites leading to charge compensation as well 

as emission enhancement.111 The persistent red luminescence of the Cr3+ activated 

ZnGa2O4:0.005Cr3+ phosphor is enhanced by substituting the co-dopant Bi3+ at the Zn2+ site.120 

Similarly, the Sm3+ co-doping in LaAlO3:0.005Cr3+ could also enhance the persistent red 
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emission.127 Consequently, it can be concluded that co-doping and cationic modification is an 

efficient way of enhancing persistence and luminescence in Cr3+ and Mn4+ doped phosphors. 

 

1.2.5.3 Energy transfer mechanisms  

The energy transfer mechanism involved between the co-dopant and the activator-like 

Cr3+ and Mn4+ can also alter the intensity of red emission. In some cases, the co-dopant is found 

to act as a sensitizer. One of the best examples for the red emission enhancement via sensitizer 

is Bi3+ and Mn4+ co-doped Mg14Ge5O24. Usually, Bi3+ ion is known for its metal-to-metal 

charge transfer (MMCT) character between its outer 6s2 orbital and host metal cations with d0 

or d10 system. The energy transfer mechanism involved between Bi3+ and Mn4+ is represented 

schematically (Fig.1.23 (a)). Under the excitation of UV light, the electrons in the 1S0 state get 

excited to MMCT, 1P1 or 3P1 states. After that, these electrons may relax to lower excited 3P1,0 

states of Bi3+ by the non-radiative process, followed by energy transfer to excited state 2Eg of 

Mn4+ ion, as shown in Fig.1.23 (a). Under UV and blue excitations, electrons in the ground 

state of Mn4+ get excited to 4T1, 2 states. After that, these electrons may relax to a lower excited 

2Eg state and produce amplified deep red emission about 10.6 times greater than without Bi3+ 

sample. 100 Xu et al. enhanced the red emission CaAl12O19:Cr3+ by Sm3+ co-doping. Here the 

energy transfer mechanism is involved between the Sm3+ and Cr3+ (Fig.1.23(b)). Hence the 

energy transfer mechanism is one of the efficient methods for enhancing red emission.136  

 

  

Fig.1.23 Energy level diagrams and energy transfer process between (a) Bi3+ and Mn4+ 

Adapted from ref. 100 (b) Sm3+ and Cr3+ Adapted from ref. 136 [(NR representing non-

radiative relaxation) 
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1.2.6 Thermal stability enhancement  

Thermal stability is an important requirement of phosphors during their practical 

applications in particular, in solid-state lighting. Taking the LED application of phosphor as an 

example, the operating temperature of LED can exceed 150˚C due to the high input power 

density imparted in the chip. This heat may transfer to the phosphor.137 Thermal stability of the 

efficient germanate Mg14Ge5O24:Mn4+ which is capable of maintaining 75% of its initial 

intensity at 473 K is increased by the substitution of Ti4+ cations to 85% at 473 K of its room- 

temperature emission intensity. Here, cation substitution leads to an increase in lattice 

distortion which can induce traps (defects acting as electron trapping centres). These traps may 

be able to capture and store the phonon energy at room temperature from the excited state, and 

it will release the captured phonons to maintain the emission loss at high temperatures. The 

increased activation energy due to cation substitution can suppress the non-radiative transition 

and enhance thermal stability.101 An alternative to a cationic substitution for enhancing thermal 

stability that can be suggested is the preparation of core-shell morphology to protect the 

phosphor particles via shell. Already some graphite-like carbon nitride has been used as a 

coating shell on Y2O3:Eu3+,Tb3+ and Ca9.5Na2(PO4)7:Eu2+. At the elevated temperature, the 

outer shell can be able to isolate the luminescence centres from external effects (moisture, 

temperature, etc.) and significantly reduce the surface defects. The coating layer combined with 

the phosphor favours the decrease of dangling bonds and defects on the surface of Y2O3:Eu3+ 

thereby modifying the surface micro-structure effectively leading to enhanced thermal 

stability.138  

 

1.2.7 Potential applications of Mn4+/Cr3+ activated oxide phosphors 

In this section, the important present and some future applications of Mn4+ and Cr3+ 

activated deep red-emitting phosphors including W-LEDs, plant growth, security, night vision 

surveillance, decoration, in-vivo imaging, display, biomarking, etc. (illustrated in Fig.1.24) 

have been highlighted. Some of the applications can be achieved only if these phosphors exhibit 

long persistent nature. Even though these wide varieties of applications are available for Cr3+ 

and Mn4+ activated phosphors, we are focusing mainly on deep red-emitting Mn4+ and Cr3+ 

germanate phosphors.  
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Fig.1.24 Representation of different applications of Mn4+ and Cr3+ activated phosphors. 

 

1.2.7.1 W-LED applications 

Most of the reports on Mn4+-activated germanates are aiming for providing an efficient 

red component for the commercial W-LEDs. A famous commercialized method to produce 

white light is to combine broad yellow emitting Y3Al5O12: Ce3+ (YAG: Ce3+) phosphor along 

with blue InGaN LED.  However, due to the deficiency of the red component and higher 

correlated colour temperature (CCT) value, this commercially available W-LED faces a severe 

CRI problem.48 To resolve the colour rendering issue of this system, Mn4+-activated phosphors 

perhaps are a good solution as Mn4+ ions can be activated by the blue excitations. Li et al. used 

optimized LiNaGe4O9:0.05%Mn4+ for warm W-LED fabrication.89 They fabricated a W-LED 

by combining blue InGaN LED chip, LiNaGe4O9:0.05%Mn4+, and YAG: Ce3+ and able to 

produce warm white light with a CCT value of 3353 K and CRI value of 69.2. But these systems 

do not have competing luminous efficiency, which shows the urge for another Mn4+-doped 

phosphor for this application.89 Ding et al. fabricated a W-LED using 455 nm InGaN LED chip, 

YAG: Ce3+, and K2Ge4O9:0.001Mn4+
 phosphor in various empirical ratios. While increasing 

the weight ratio of K2Ge4O9:Mn4+, the CCT values decrease from 6343 K to 3119 K, while the 

CRI value increases from 65.4 to 84.1. After tuning the weight ratio, the optimized white LED 

has a CIE value of (0.405, 0.356), and a CCT value of 3119 K, and a CRI of 84.1.90  
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Yan et al. fabricated three W-LEDs using the three different deep red-emitting 

phosphors (Li3RbGe8O18:0.01Mn4+, Li3CsGe8O18:0.01Mn4+, and 

Li3Cs0.5Rb0.5Ge8O18:0.01Mn4+) by combining each one of them separately with the blue 

emitting InGaN chip, and the yellow emitting YAG:Ce3+.97Among these W-LEDs, the W-LED 

fabricated using Li3Cs0.5Rb0.5Ge8O18 phosphor has good CRI (90.8) and CCT (4474 K) values. 

Our research group recently reported W-LEDs by combining the red-emitting Mn4+, Mg2+ co-

doped Li3RbGe8O18:Mg2+,0.005Mn4+ nanophosphor and YAG: Ce3+ using blue InGaN chip.133 

The electroluminescence (EL) spectra of W-LED for various mixing ratio of YAG:Ce3+ yellow 

phosphor and red nanophosphor along with their digital images and CIE plots are depicted in 

Fig.1.25 (a)-(c). The transition of cool white light (with a CCT of 6952 and CRI of 71) to the 

natural white light (with CCT of 5025 and CRI of 92) with the increment in red phosphor 

component can be easily identified from the digital images,133 as well as from the CIE diagram, 

as shown in Fig.1.25. 

 

 

Fig.1.25 (a) EL spectra of the W-LEDs fabricated with the various mixing ratios of 

YAG:Ce3+ and Li3RbGe8O18:0.005Mn4+,Mg2+ ((i) 1:0, (ii) 1:1, (iii) 2:3, and (iv) 3:7), 

combined with 460 nm blue InGaN chip. (b) The digital images of the W-LEDs ((i) 1:0, (ii) 

1:1, (iii) 2:3, and (iv) 3:7. (c) CIE plot showing the change in CCT values for different 

mixing ratio. Reproduced with permission from ref.133  

 

Liang et al. fabricated W-LED by combing the blue InGaN chip with the yellow 

emitting YAG: Ce3+ and Mg14Ge5O24:0.002Mn4+.80 The CCT, CRI, and CIE values of the 
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fabricated W-LED are observed to be 2864 K, 80.6, and (0.36, 0.38), respectively. These results 

are found to be much better than the LED fabricated without the Mg14Ge5O24:0.002Mn4+ 

phosphor suggesting its suitability for solving the deficiency of red component in W-LEDs.80 

As cationic substitution in this phosphor (Mg14Ge5O24:Mn4+) could increase the emission 

intensity, the W-LED is also fabricated using the optimized cationic substituted 

Mg14Ge4.5Ti0.5O24:Mn4+ 440 nm blue chip, and YAG:Ce3+.101 The CCT value, CRI value, and 

CIE coordinate of the optimized cationic substituted W-LED are 3566 K, 87.3, and (0.45, 0.35), 

respectively. Moreover, the luminescence efficiency and the Ra value of this optimized W-LED 

are 109.42 lm/W and 93, respectively, showing the enhanced red spectral saturation.101  

 

Other important phosphors used for the fabrication of W-LED are SrGe4O9:0.005Mn4+ 

and BaGe4O9:0.005Mn4+.106 W-LED was fabricated by combing the blue InGaN chip with 

YAG and the respective phosphors. The obtained CRI and CCT values for W-LED fabricated 

using BaGe4O9:Mn4+ is 92.1 and 3082 K, respectively, whereas these values for W-LED 

fabricated using SrGe4O9:Mn4+ is 89.1 and 3440 K. Thus, based on the obtained results, 

BaGe4O9:0.005Mn4+ provides a better deep red component for W-LED than 

SrGe4O9:0.005Mn4+.106 Mg3Ga2GeO8:0.005Mn4+ is another phosphor that can be efficiently 

used for W-LED. Here the ratio of the blue-emitting BaMgAl10O17: Eu2+ (BAM: Eu2+), green-

emitting Sr2SiO4:Eu2+, and red-emitting Mg3Ga2GeO8:0.005Mn4+ are tuned and combined with 

the GaN NUV chip to fabricate W-LED. The optimized fabricated W-LED produces white 

light with a CIE value of (0.316,0.375) and a CCT value of 3340 K.111 Likewise, Mn4+ ions, 

Cr3+ activated red-emitting phosphors are also used for W-LED application. A W-LED was 

fabricated by combining the red-emitting Y3Al5O12:Cr3+ with the blue InGaN chip and YAG: 

Ce3+. The fabricated W-LED has a CRI value of 76.4 and a CCT value of 5236 K. 139 

 

1.2.7.2 Long-glow applications 

The long glow or dark glow phosphors have crucial applications in the areas of optical 

memory, decoration, in-vivo imaging, traffic signs, imaging storage, etc. Deep red-emitting 

phosphor plays a crucial role in traffic signs and other important dark glow applications due to 

its higher wavelength emission. According to Rayleigh scattering, the scattering of light is 

inversely proportional to the fourth power of wavelength. Deep red light greater than 650 nm 

undergoes the least scattering during the cloudy atmosphere, fog time, and translucent situation. 

Generally, Cr3+-activated phosphors serve the purpose of long red PersL emission. Few Mn4+-

activated red PersL phosphors including Mg2GeO4: 0.001Mn4+ are also reported.98 Previously 
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mentioned ZnGa2O4: 0.005Cr3+-Bi3+,120 Zn(Ga1-xAlx)2O4: 0.005Cr3+,0.01Bi3+ ,65 and LaAlO3: 

0.005Cr3+ perovskite127 are the best examples for long persistent phosphors emitting deep red 

light. Some of these phosphors are also found to be used in-vivo imaging.  Deep red to NIR 

range corresponds to the higher transmittance wavelength range of biological tissue called 

biological optical window.127 Cr3+ activated NIR emitting Zn2.94Ga1.96Ge2O10: Cr3+,Pr3+ 

phosphor is successfully used for in-vivo imaging, and its in-vivo images are shown in Fig.1.26. 

Before injecting the phosphor into the body of the mouse, it is irradiated with a 254 nm UV 

lamp. After that in-vivo images were collected for more than 450 min without any excitation.140 

Eventually, La3GaGe5O16:0.01Cr3+ can also be used for in-vivo imaging, medical imaging, 

night vision due to its emission range (650-750 nm) and better PersL time (more than 30 

min).141 The red emission images of this phosphor for different PersL time by varying Ge/O 

content is shown in Fig.1.27 and it clearly shows that Ge/O content deficiency can improve the 

PersL time. This observation can be attributed to the close relationship between persistent 

luminescence of this phosphor with oxygen or germanium deficiency in the host.141 

 

 

Fig.1.26 In-vivo images of the mouse after injection of Zn2.94Ga1.96Ge2O10: Cr 3+, Pr3+ 

phosphor. Reproduced with permission from ref.140 
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Fig.1.27 Red emission images of La3GaGe5+xO16-x:0.01 Cr3+(-0.005<x<0.05) at different 

PersL time with same exposure time. Reproduced with permission from ref.141 

 

 

1.2.7.3 Security applications 

 The Mn4+/Cr3+ activated deep red-emitting phosphors have a significant role in security 

and forensic applications, including latent fingerprint visualisation. The development of 

fluorescent nanomaterials for the detection of latent fingerprints requires good contrast with 

minimal background interference. Pavitra et al. reported Ba2LaNbO6:0.25Mn4+ nanophosphor 

to visualize all the features such as to individualize the minute fingerprint details such as 

termination, bifurcation, core, and ridge clearly and to identify partial or damaged fingerprints 

on various nonporous surfaces.142 The Ba2LaNbO6:0.25Mn4+ nanorod-like particles exhibited 

good adhesion with the fingerprint ridges on all the nonporous surfaces without any 

background staining and displayed a well-defined pattern, which is clearly visible to the naked 

eye.142 Yang et al. reported Mg2TiO4:Mn4+ for the same application.129 Fluorescent images of 

latent fingerprints stained using this phosphor on glass and other substrates are shown in 

Fig.1.28.129 
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Fig.1.28 Images of latent fingerprints stained with Mg2TiO4:Mn4+ phosphor on (a) glass, (b) 

Si wafer, and (c) plastic; regions squared in images, 1: termination; 2: bridge; 3: eyes; 4: 

island; 5: whorl; 6: bifurcation; 7: hook. Reproduced with permission from ref.129 

  

King and co-workers used NIR emitting persistent Zn3Ga2Ge2O10:0.5%Cr3+ phosphor 

activated by sunlight for finger-mark visualization. Since the background patterns and textures 

make no transmission at higher wavelengths imaging of substrates in the NIR region of the 

spectra can mute these background patterns and textures.143 Most of the Mn4+/Cr3+ activated 

germanates are having emissions above 650 nm but in the visible region. So that these deep 

red-emitting phosphors can take the advantage of its higher wavelength for muting the 

background and textures. At the same time, it can use its emission in the eye sensitive region 

for latent fingerprint visualization. 

 

1.2.7.4 Display applications 

Apart from lighting applications, deep red-emitting phosphors can be efficiently used 

for various display applications. Recently Mn4+ activated fluoride phosphor K2NaScF6 with 

narrow-band red emission peaking at 630 nm were reported.144 But phosphor with deep-red 

emission 650 nm or greater are highly preferred for providing a wide colour gamut in UHD TV 

according to ITU-R BT.2020-2 recommendations.6 Reportedly, Li3RbGe8O18:0.005Mn4+ 

phosphor with emission spectra peaking at 667 nm (Fig.1.11(b)) is one of the best examples 

for display application that can be used for providing a wide colour gamut in UHD TV6. 

Another efficient Mn4+ doped phosphor showing application as wide gamut backlight is 

Mg14Ge4.5Ti0.5O16: Mn4+.101 Among different Cr3+ activated phosphors, MgAl2O4: 0.05Cr3+ 

finds potential applications in solid-state displays and lasers due to its suitable CCT and CIE 

value. The CIE coordinates (x = 0.633, y = 0.366) of this phosphor is very much close to the 
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standard value given by NSTC (National television standard committee) and its CCT value is 

2109 K (Fig.1.29).145 

 

 

Fig.1.29 CIE and CCT diagram of MgAl2O4:0.05Cr3+. Reproduced with permission from 

ref.145 

 

1.2.7.5 Plant growth applications 

Comparing to the traditional horticulture lighting available for plant growth, LEDs 

possess greater advantages owing to their durability, compact size, and long liveness. Many of 

the reported germanate phosphors show their promising application in optical agriculture and 

indoor planting as these deep red-emitting phosphors can convert the unwanted UV light to 

deep red light. The wavelength of deep red light emitted by germanates matches with the 

absorption range of chlorophylls responsible for photosynthesis in plants and thus this range of 

wavelengths helps in the photoperiodic effects in plants. Consequently, germanates are 

potential candidates for agriculture sunlight spectrum converter and LEDs, which can be used 

for indoor plant cultivation.100, 102, 105 Some of the reported Mn4+-activated germanates for plant 

growth applications are Mg3.5Ge1.25O6: 0.0125 Bi3+,0.01Mn4+ ,100 Ba2GeO4: 0.006Mn4+102 

Ba2TiGe2O8: 0.006Mn4+,103 and BaAl2Ge2O8: 0.001Mn4+.105 The emission wavelength of these 

phosphors is matching well with the absorption spectrum of chlorophylls. The PL emission 

spectrum of Ba2TiGe2O8: 0.006Mn4+103 and its potential application in plant growth is 

illustrated in Fig.1.30. This phosphor has a CIE value of (0.7188, 0.2811) which is in the deep-
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red region. 103 One of the potential Cr3+ activated red-emitting phosphors that can be used for 

plant growth LEDs is BaMgAl10O17: 0.01Cr3+.146 

 

 

Fig.1.30 The PL emission, excitation spectra and CIE diagram of Ba2TiGe2O8: 0.006Mn4+. 

Reproduced with permission from ref.103 

 

1.2.7.6 Thermometry applications 

Luminescence temperature sensors are grasping more attention during these times 

owing to their fast response, better spatial resolution, and comparatively low perturbation of 

sample temperature during measurement.147 Germanates phosphors can effectively be used for 

optical thermometry applications. The currently available phosphor-converted optical 

thermometry has some disadvantages such as narrow temperature range, energy loss in multiple 

activators due to the energy transfer process and relatively low sensitivity, etc. A single 

activator doped phosphor with high sensitivity and relatively high-temperature range is 

required for thermometry application. Reportedly, Mg14Ge4.5Ti0.5O24: Mn4+ finds potential 

application in optical thermometry as it shows an abnormal variation in the intensity of Stokes 

and anti-Stokes lines with temperature.101 The lattice distortion induced by the cation (Ti4+  

Ge4+) substitution has a significant effect on temperature-dependent luminescence. Here the 

emission spectrum of the sample is recorded by varying the temperature from 6.9‒303 K and 

303‒473 K. 

 

It is observed that the emission intensity of Stokes lines increases with the increase in 

temperature whereas the intensity of anti-Stokes lines decreases with an increase in temperature 

(Fig.1.31). This high-temperature dependence behaviour makes this phosphor a potential 
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candidate for optical thermometry. To evaluate the performance of this phosphor as a 

thermometer the absolute sensitivity (Sa) as well as relative sensitivity (Sr) were calculated in 

the temperature range 6.9 K to 303 K. The maximum Sr value is 2.71% K-1 and the maximum 

Sa value is 0.00152 K-1 which are calculated at temperatures 97 K and 215 K, respectively. This 

maximum Sr value is comparatively greater than that of most of the reported optical 

thermometry materials. The converse change in Stokes and anti-Stokes peaks, broad 

temperature range, and higher relative sensitivity make this phosphor suitable for thermometry 

application.101 

 

 

Fig.1.31 PL emission spectrum of Mg14Ge4.5Ti0.5O24: Mn4+ by varying temperature from (a) 

6.9‒303 K and (b) 303‒473 K. Reproduced with permission from ref.101 

 

One of the best examples of Cr3+-activated phosphor for the thermometry application 

is LaGaO3: 0.005Cr3+ phosphor.148 It can be used as an optical nano-thermometer for sensing 

temperature below room temperature as well as at above room temperature. Here the 

temperature-dependent peak intensity, as well as the lifetime changes with the temperature, are 

used for sensing.148 Another important phosphor coming under this category is Cr3+-activated 

Sr2MgAl22O36: 0.02Cr3+ phosphor.149 

 

1.2.7.7 Solar energy applications 

 Fig.1.32 (a) represents the spectral mismatch between the bandgap of silicon solar cell 

and incident photon energy coming from sunlight that causes difficulty in converting the solar 

energy to electricity. The bandgap of the Si cell is appropriate for absorbing deep red and NIR 
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region, but the incident solar energy contains the UV content. Hence luminescent solar 

concentrator or a downconverter capable of collecting solar photons and converting them into 

matching bandgap energy of Si cells is highly required.123 The Solar spectrum showing a 

potential gain from the downconversion of UV rays for a silicon solar cell is represented in 

Fig. 1.32 (a). As seen from Fig.1.32 (b), a transparent layer of downconverters is situated on 

the top of the solar cell. They are used for converting UV photons to a red-rich spectrum.150 

Mn4+ doped germanates are suitable for down-converting applications. Comparing to fluorides 

these phosphors are accomplished with emission in the deep-red region (greater than 650 nm) 

and strong absorption in UV. J. Zhou et al. reported that Cr3+-activated La3GaGe5O16: 0.03Cr3+
 

phosphor in luminescence solar concentrator can significantly enhance the efficiency of Si cell 

due to its UV absorption as well as deep red and NIR emission.123 The emission peak of this 

phosphor is centred at 700 nm (Fig.1.33).123  

 

  

 

Fig.1.32 Schematic representation of (a) a potential gain for down- and upconversion for a 

silicon solar cell;  (b) solar cell with down converter. Adapted from ref.150 
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Fig.1.33 Excitation and emission spectrum of La3GaGe5O16: 0.03Cr3+ phosphor applicable in 

luminescence solar concentrator. Reproduced with permission from ref.123 

 

1.3 Self-activated persistent oxide phosphor:  mechanism, overview, and applications  

 The persistent luminescence materials are capable of producing light even after the 

removal of the source of excitations.152 There are basically two types of persistent 

luminescence in the case of inorganic materials. One is due to the activator ion present in the 

sample (Fig.1.34 (a)) and the second one is due to the various kinds of trapping centres in the 

host materials (Fig.1.34 (b)).153 

 

The process of fluorescence and phosphorescence in an inorganic material activated by 

an activator ion can be explained with Jablonski energy level diagram shown in Fig.1.34 (a). 

The material will be irradiated with suitable source of excitation. The activator ion will be 

jumped to higher energy states by absorbing the excitation energy. This will be followed by 

the relaxation of activator ion from the higher energy excited state to lower energy level of 

excited state. Finally, activator ion will return to its ground state by a radiative transition with 

lower energy photon emission. The emission from the singlet state S1 will results phenomenon 

of fluorescence. But fluorescence phenomenon exhibits a short time duration of decay levels. 

Meanwhile the emission from the triplet T1 states results in phosphorescence. Since T1 is a 

metastable state the phosphorescence emission will persist for more time even after the removal 

of source of excitation as shown in Fig.1.34 (a).154, 155  
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The second kind of persistence is from the host itself. This kind of material showing 

persistent luminescence without the help of any activator ion is called the self-activated 

persistent phosphor. Here the luminescence is assigned to the complex groups and/or defects 

present in the host material. The self-activated persistent luminescence mechanism is 

schematically represented in Fig.1.34 (b). Here, the electrons will be trapped in the trapping 

centres and will delay the fluorescence emission, leading to persistence emission.  

 

 

 

Fig.1.34 (a) Energy level diagram showing fluorescence and phosphorescence in an activator 

ion based phosphor material.154, 155 (b) Energy level diagram in a self-activated persistent 

phosphor showing persistent emission.153 

 

 

 Recently, PersL phosphors have played a great roles in various fields, including 

security, safety signage, drug delivery, in vivo imaging, energy saving, 3D printing, etc.156 

Fig.1.35 (a) shows the increase in the no of reports of persistent phosphors, and the reports are 

found to be higher after 2000. Fig.1.35 (b) represents the various applications of persistent 

phosphors and it is classified into three categories such as established, in progress and 

challenging. Applications such as road making, AC LEDs, bioimaging, etc. are not well 

explored. Some of the applications, such as solar and photocatalysis, are still challenging in 

this field.156 
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Fig.1.35 (a) Graph showing the no. of publication in persistent phosphors from 1960 to 2020. 

(b) Schematic diagram of applications of persistent phosphors.156 

 

 

The presently available PerSL phosphors are SrAl2O4: Eu2+, Dy3+ (green), CaAl2O4: 

Eu2+, Nd3+ (blue), and Y2O2S: Eu3+, Ti3+, Mg2+ (red). However, these PersL materials have 

some drawbacks, such as low moisture resistance of aluminates and poor stability of 

sulphides.157 Moreover, the above phosphors used rare earth ions. Recently, W. Yuan et al. 

reported a new cyan emitting persistent BaLu2Al2Ga2SiO12:Ce3+, Bi3+ phosphors for AC-LEDs 

via defect modulation.158 Won Bin Im and co-workers reported non-Eu2+ based Na3ScSi3O9: 

Ce3+, Dy3+ blue persistent phosphors.159 Erin Finley et al. reported (Sr1−δBaδ)2MgSi2O7 

:Eu2+,Dy3+ sample through solid solution method for use in Point-of-Care Diagnostics 

method.160 Even though the above phosphors are non-Eu2+ based, the above phosphors couldn’t 

avoid the usage of rare earth ions. 

 

The self-activated oxide persistent phosphors can effectively replace the rare earth 

based persistence phosphors. The self-activated persistent oxide phosphors have other 

advantages also, including activator-free, high thermal and chemical stability, non-toxic and 

cost-effective, etc. Among the different self-activated persistent phosphors Zirconate based 

phosphors are not explored well and the number of reports are found to be less. 

 

Here, in zirconates, the electron can be excited from oxygen to empty 4d orbits of Zr4+ 

ions which luminescence is mostly attributed to the charge transfer transition luminescence.161 

However, of Zirconate based phosphor materials arenot utilized effectively. LI Xiaochen et al. 

(a) (b)

https://www.nature.com/articles/s41377-022-00868-8#auth-Weihong-Yuan-Aff1-Aff2
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reported a novel undoped SrZrSi2O7 phosphor with persistent emission. However, the 

persistent emission is only observed for the sample synthesized under reduced atmosphere.162  

 

Lattice defects, such as cation or anion vacancies, have always been present in 

materials. These vacancies have the ability to produce local potentials, resulting in the trapping 

of electrons or holes. Altering the atmospheric conditions, introducing inequivalent 

substitutions, or adding flux like NH4Cl during the material preparation can modify the 

production of vacancies. For example, oxide-based phosphor materials can easily generate 

oxygen vacancies that trap electrons in a low oxygen atmosphere.163  

 

1.4 Summary, future and perspective 

In this introduction chapter, we have reviewed the spectroscopic properties of the 

Mn4+/Cr3+ activated deep red/NIR emitting oxide phosphors, in particular germanates. 

According to our literature review, Mn4+ activated germanates can be classified into three 

categories: alkali metal-based germanates, alkaline-earth metal-based germanates, and 

lanthanum-based germanates. Further, a study on the crystal structure-dependent luminescence 

behaviour of these Mn4+/Cr3+ deep red/NIR emitting phosphors is also discussed. From the 

detailed analysis of the crystal structures, it is concluded that for the efficient optical properties, 

Mn4+ ions should possess a well isolated octahedral geometry. The Cr3+ activated phosphors 

are capable of giving long persistent character and emission in NIR region. However, it is 

difficult for Mn4+ activated phosphors to produce the same. The majority of the phosphors 

discussed here have comparatively low quantum efficiency. Moreover, a detailed description 

of various other methods that can be used for enhancing the red/NIR emission as well as the 

thermal stability of red-emitting phosphor is discussed. We have presented the possible and 

potential application of these phosphors in the last part of the review. Most of the reports 

discussed here focus on the W-LED application. The next generation of oxide phosphors will 

be Cr3+ and Mn4+ activated deep red to NIR emitting phosphors. So that in addition to W-LEDs, 

the applications can be extended to wide areas including medical diagnosis, in-vivo imaging, 

night vision surveillance, security, etc. 

 

Nowadays self-activated oxide phosphors are also seeking much attention due to its 

persistent emission, economic preparation, thermal and chemical stability, activator free 

synthesis etc. The cyan emitting persistent phosphors, especially zirconates, has not been much 
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explored to date. Hence the mechanism, overview and applications of the self-activated 

persistent phosphor are also elaborated in the final part of this introduction chapter. 

 

Acknowledgement: We would like to thank all the publishers for granting permission to 

reproduce the images in this chapter. 

 

1.5 Objectives of the thesis 

 Designing Mn4+ activated deep red emitting phosphor (> 650 nm) and improving 

emission intensity and red fabrications. 

 Combining optimum red phosphor with yellow emitting YAG: Ce3+ and blue InGaN 

chip for the WLED fabrications. 

 Developing Cr3+ activated deep red to NIR emitting phosphor and improving emission 

under visible light excitations. 

 Utilization of structurally modified different Cr3+ activated phosphors for in vitro 

bioimaging, display, plant growth and NIR LEDs. 

 Developing self-activated cyan emitting persistent phosphor and improving persistent 

time and intensity. 

 Usage of developed persistent phosphors for anti-counterfeiting and plant growth 

applications. 

Taking into account the challenges and focusing on the objectives, the current thesis provided 

three working chapters, which are organized as follows, 
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Chapter 2 

Enriching the deep red emission in (Mg, Ba)3M2GeO8: Mn4+ (M = 

Al, Ga) compositions for light-emitting diodes 
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2.1 Abstract 

Red emission from Mn4+-containing oxides inspired the development of high colour rendering 

and cost-effective white LEDs (WLEDs). Aiming this fact, a series of new crystallographic site 

modified (Mg, Ba)3M2GeO8: Mn4+ (M = Al, Ga) compositions were developed with strong 

deep red emission in reaction to UV and blue lights. Mg3Al2GeO8 host is composed of three 

phases, orthorhombic-Mg3Ga2GeO8, orthorhombic-Mg2GeO4, and cubic-MgAl2O4. Whereas 

Mg3Ga2GeO8 secured orthorhombic crystal structure. Interestingly, Mg3Al2GeO8: Mn4+ 

showed 13 folds intense emission than Mg3Ga2GeO8: Mn4+ since Mn4+ occupancy was 

preferable to [AlO6] sites compared to [GaO6]. The co-existing phases of MgAl2O4 and 

Mg2GeO4 in Mg3Al2GeO8: Mn4+ contributed to the Mn4+ luminescence by providing additional 

[AlO6] and [MgO6] octahedrons for Mn4+ occupancy. Further, these sites reduced the natural 

reduction probability of Mn4+ to Mn2+ in [AlO4] tetrahedrons, which was confirmed using 

cathodoluminescence analysis for the first time. A cationic substitution strategy was employed 

on Mg3M2GeO8: Mn4+ to improve the luminescence and Mg3-xBaxM2GeO8: Mn4+ (M = Al, Ga) 

phosphors were synthesized. Partial substitution of larger Ba2+ ions in Mg2+ sites caused 

structural distortions and generated a new Ba impurity phase, which improved the 

photoluminescence. Compositionally tuned Mg2.73Ba0.27Al1.993GeO8: 0.005Mn4+ exhibited 35 

folds higher emission than that of Mg3Ga1.993GeO8: 0.005Mn4+. Additionally, this could retain 

70% of its ambient emission intensity at 453 K. A warm WLED with CCT of 3730 K and CRI 

of 89 was fabricated by combining the optimized red component with Y3Al5O12: Ce3+ and 410 

nm blue-LED. By tuning the ratio of blue (BaMgAl10O17: Eu2+), green 

(Ce0.63Tb0.37MgAl11O19), and red (Mg2.73Ba0.27Al2GeO8: 0.005Mn4+) phosphors, another 

WLED was developed using 280 nm UV-LED chip. This showed natural white emission with 

a CRI of 79 and CCT of 5306 K. Meanwhile, three red LEDs were also fabricated using 

Mg2.73Ba0.27Al1.993GeO8: 0.005Mn4+ phosphor with commercial sources. These could be 

potential pc-LEDs for plant growth applications. 

 

2.2 Introduction 

Deep red-emitting Mn4+-activated oxides are gathering extensive attention as the 

suitable replacement for expensive rare-earth-based phosphors for the potential applications in 

white light-emitting diode (WLED), security, sensing, plant growth, bio detectors, etc. Several, 

Mn4+-doped fluorides are recently commercialized due to their eye-sensitive red peak at ~630 

nm.1-3 Regretfully, these phosphors are unstable and require the use of highly corrosive HF for 

synthesis.1-3 While, Mn4+-activated oxide phosphors have advantages such as eco-friendly 
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preparation, higher thermal as well as chemical stability, and deep-red emission (λem > 650 

nm). Moreover, Mn4+ ions can be stabilized in the Al3+ (𝑟𝐴𝑙𝑂6
 = 0.535 Å) and Ge4+ (𝑟𝐺𝑒𝑂6

 = 0.53 

Å) octahedrons due to close ionic sizes with Mn4+ (𝑟𝑀𝑛𝑂6
 = 0.53 Å).3-8 The recently reported 

potential hosts such as Li3RbGe8O18,
4 Mg14Ge5O24,

9 Mg2TiO4,
10 Mg3Ga2GeO8,

11 BaGe4O9,
12 

etc. are observed to be suitable for Mn4+ ions to generate deep red emission. However, the red 

emission intensity of these samples needs to be enhanced further for commercial lighting and 

display applications.  

 

Q. Huang et al. have intensified the deep red emission of Mg14Ge5O24: Mn4+ by Bi3+ 

co-activation,13 which sensitized Mn4+ ions effectively. Liang et al. boosted the deep red 

emission of this phosphor by 2.49 times via substituting Ti4+ and Sn4+ in the Ge4+ octahedrons, 

and it introduced some resonance effect due to the multiple luminescence centers.14 Likewise, 

the emission intensity of Mg2TiO4: Mn4+ was immensely improved via the Ge4+ ion substitution 

in the Ti4+ sites. Such replacement enhanced the conversion of more [TiO6] octahedrons to 

[GeO6], which separated adjacent Mn4+ ions and interrupts the energy migrations among Mn4+ 

ionic pairs within the lattice.15 Recently, Mg2+ co-doping in the Li sites was employed to 

increase the emission intensity of Li3RbGe8O18: Mn4+ by reducing surface defects (conversion 

of the surface oxygen to lattice oxygen).16 

 

Since Mn4+ is a matrix-sensitive activator, cation substitution can induce a considerable 

impact on luminescence properties. Due to this fact, Mn4+-activated Mg3Ga2GeO8
11 was chosen 

for a case study and the emission intensity could be intensified via suitable cationic 

modifications. A major advantage of this phosphor is its multiple luminescence centers. 

According to Ding et al., Mn4+ ions can occupy both [MgO6] and [GaO6] octahedrons and 

produce deep red emission at 659 nm. Synthesizing mixed phased hosts could be another 

promising strategy for improving luminescence efficiency. Y. Wu et al. developed Mn4+-

activated red phosphor composed of CaAl12O19 and MgAl2O4 phases,17 where the coexisting 

phase MgAl2O4 acted as a flux throughout the sintering process and increases the crystallinity 

and red emission intensity. 

    

 Herein, a new class of deep red emitting Mg3M2GeO8: Mn4+ (M = Al, Ga) 

compositions were developed. In particular, the Mg3Al2GeO8: Mn4+ emission is higher than 

that of Mg3Ga2GeO8: Mn4+. The substitution of Ba2+ ions in the Mg2+ sites enhanced the deep 
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red emission substantially. The presence of a new impurity phase tetragonal-Ba2MgGe2O7 was 

identified with Ba2+ substitution in Mg3Al2GeO8: Mn4+ and Mg3Ga2GeO8: Mn4+ samples. The 

emission intensity of the compositionally tuned Mg2.73Ba0.27Al2GeO8: 0.005Mn4+ was found to 

be 3 folds and 35 folds greater than Mg3Al2GeO8: Mn4+ and Mg3Ga2GeO8: Mn4+, respectively. 

The optimized Mg2.73Ba0.27Al2GeO8: 0.005Mn4+ phosphor showed an extensive choice of 

absorption features reaching from UV to blue and emitting intense red light maxima at 659 nm. 

This emission wavelength is well matching with the chlorophylls’ absorption choice 

accountable for plants’ photosynthesis, and accordingly could be effective for indoor plant 

cultivation.18 Moreover, the intense red emission with 100% colour purity of the optimized 

composition makes it a suitable red phosphor candidate to enhance the colour rendering and 

reduce the correlated colour temperature of the commercial phosphor-based white-LEDs.  

 

2.3 Experimental 

2.3.1 Material synthesis 

The phosphors Mg3Al(2-4/3×0.005)GeO8: 0.005Mn4+ (MAG: Mn4+), Mg3Ga(2-

4/3×0.005)GeO8: 0.005Mn4+ (MGG: Mn4+), and a series of Ba2+ substituted Mg3-xAl(2-

4/3×0.005)GeO8: 0.005Mn4+, xBa2+ (MAG: Mn4+, xBa2+) and Mg3-xGa(2-4/3×0.005)GeO8: 0.005Mn4+, 

xBa2+ (MGG: Mn4+, xBa2+) compositions were prepared via the solid-state synthesis method. 

MgO (99.99%), Ga2O3 (99.99%), Al2O3 (99.6%), GeO4 (99.998%), MnO2 (>99%), BaCO3 

(99.8%) and 0.25wt% H3BO3 (99.999%) are the raw materials (purchased from Sigma-Aldrich) 

used for synthesis. Required raw materials for the synthesis of different compositions are 

weighed and taken in a stoichiometric ratio. These raw materials were mixed with ethanol in 

an agate mortar and ground for 30 minutes. After drying, white powder was obtained and it is 

preheated in the air furnace at 600 ˚C for 2 h followed by sintering at 1300 ˚C for 6 h with 

intermediate grinding. 5 ˚C/min is the heating rate applied for calcination. After cooling the 

final powder is ground and used for further characterization. 

 

2.3.2 Characterization 

The crystal structures of the obtained samples were analyzed by collecting the X-ray 

powder diffraction (XRD) patterns using Malvern PANalytical B.V. EMPYREAN 3 

diffractometer with Ni filtered Cu-Kα radiation (λ = 1.54 Å). Rietveld refinement analysis was 

carried out using GSAS2 software. Micro-Raman spectroscopy was performed using ALPHA 

300 R, WITec Spectra PRO Raman spectrometer using a laser power of 10 W. The X-ray 

photoelectron spectroscopy (XPS) analysis was accomplished with a PHI 5000 VersaProbe II 
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equipped with a micro-focused (200 µm, 15 kV) monochromatic Al-Kα X-ray source (1486.6 

eV). The structural properties were identified using a high-resolution transmission electron 

microscope (HR-TEM), JEOL JEM-F200. The morphology including elemental investigation 

of the prepared samples was examined using scanning electron microscopy (JEOL JSM-5600 

LV SEM). The UV-Vis diffuse reflectance spectra (DRS) measurements were recorded using 

the Shimadzu UV-VIS-NIR spectrophotometer (UV 3600). The photoluminescence (PL) 

excitation, emission, quantum efficiency (QE) and lifetime were investigated using a Yvon 

Fluorolog 3 spectrofluorimeter having a 450 W Xenon irradiation source. The 

cathodoluminescence (CL) spectral analysis was performed by an Attolight Chronos CL-

scanning electron microscope. The CL spectra were achieved with an achromatic reflective 

objective (numerical aperture 0.72) that delivers persistent recording capacity over a diameter 

field view of ~150 µm. The electron beam acceleration voltage and current were fixed to 6 kV, 

and 2 nA, respectively. The CL emission spectra were dispersed with a Horiba diffraction 

grating (150 grooves/mm) and taken with an Andor Newton charge-coupled device (CCD) 

camera (1024×256 pixels, pixel width 26 µm). The resultant spectral dispersion was 0.53 

nm/pixel. 

 

For evaluating the device performances, the optimum red component was mixed with 

Y3Al5O12: Ce3+ (YAG: Ce3+), and the mixture was incorporated with poly (methyl 

methacrylate) (PMMA; Sigma Aldrich). With the above mixture, acralyn cold-curing liquid 

(Asian Acrylates, India) was added during stirring to make a thick paste. The paste was then 

deposited on a 410 nm violet-blue InGaN LED, which functioned at 300 mA. The 

electroluminescence (EL) behaviours of the phosphor-LED system were recorded using a CCD 

spectrophotometer (Ocean Optics Maya 2000 Pro). Another WLED was fabricated by mixing 

the optimum red component with the commercial blue and green components in an appropriate 

ratio. The EL spectra for these WLED and red LEDs were measured using the same 

spectrophotometer with 280 nm LEDs at a 1A current.  

 

2.4 Results and discussion 

2.4.1 Elucidation of structural information 

  The XRD pattern of the inactivated Mg3Al2GeO8 (MAG) has been Rietveld refined 

with three phases viz. orthorhombic-Mg3Ga2GeO8 (o-MGG, space group Imma), orthorhombic 

Mg2GeO4 (o-MGO, space group Pnma), and cubic-MgAl2O4 (c-MAO, space group Fd-3m). 

The refinement pattern of this mixed phase composition is shown in Fig.2.1 (a), where MAG, 
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an analogue of the orthorhombic Mg3Ga2GeO8 phase (space group Imma) appears as the main 

phase. The refinement results are tabulated in supporting information (Table 2.S1 and 2.S2) 

and the corresponding crystal structure, drawn using Vesta software, is shown in Fig.2.1 (c). 

The crystal assembly of the MAG phase consists of octahedral and tetrahedral units captured 

by the Mg2+/Al3+ ions and Ge4+/Al3+ ions, respectively. Here, Mn4+ ions preferentially occupy 

any of the three octahedrons provided by (Mg1/Al1), (Mg2/Al2), and (Mg3/Al3) sites, as 

shown in Fig.2.1 (c), due to the strong ligand field stabilization energy of Mn4+ ions in the 

octahedral sites.19,20 Meanwhile, the Rietveld analysis of Mg3Ga2GeO8 (MGG) indicated that 

this host is crystallized in the orthorhombic arrangement with the space group of Imma (Fig.2.1 

(b)). A small fraction of impurity phase o-MGO is also observed in this structure. According 

to Ding and co-workers, the activator Mn4+ ions can reliably occupy the [MgO6] and [GaO6]
 

octahedrons rather than the [GeO4] or [GaO4] tetrahedrons in this host.11 

 

The calculated lattice parameters of MAG and MGG samples are listed in Table 2.S1 

and the obtained metal-oxygen bond lengths for their structures are presented in Table 2.S4.  

The lower value of the lattice volume of MAG host (534.06 Å3) in comparison with that of 

MGG  (569.13 Å3) can be attributed to the smaller ionic radii of Al3+ (𝑟𝐴𝑙𝑂6
= 0.53 Å) ions 

compared to  Ga3+ (𝑟𝐺𝑎𝑂6
= 0.62 Å) ions in the subsequent octahedral coordination. The 

[(Mg/Al)O6] octahedrons and [AlO4] tetrahedrons in the MAG sample are found to be more 

contracted and distorted relative to the [(Mg/Ga)O6] octahedrons and [GaO4] tetrahedrons in 

the MGG sample, as can be seen in Fig.2.1 (d) and (e), respectively.15 Such contraction can be 

ascribed to the smaller Al-O bond lengths of the MAG compared to the Ga-O bond lengths in 

the MGG (Table 2.S4). Similar kinds of lattice volume reduction and bond length contraction 

are reported previously for the Ca3Ga2Ge3O12 and LiGaGe2O6 hosts due to Al substitution in 

Ga sites.21,22 

  

The high-resolution microscopic analysis was also carried out for the samples MAG 

and MGG to verify the presence of different phases present in both samples by identifying the 

interplanar spacing of adjacent lattice fringes. Fig.2.2 (a) and (b) depicted the HRTEM images 

of MAG and MGG host matrices, respectively. Fig.2.2 (a-i) presents the magnified version of 

a region of the HRTEM image of MAG. The interplanar distance of the fringe pattern of this 

section is calculated to be 2.56 Å, which is attributed to the (1 3 2) lattice planes of the 

orthorhombic-MGG phase (JCPDS 039-1108). Likewise, the other two insets Fig.2.2 (a-ii) and 
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Fig.2.2 (a-iii), depicted the two different regions of the HRTEM image of MAG. The 

interplanar distances of the fringe arrangements in these two magnified regions are calculated 

to be 2.88 Å and 3.06 Å, respectively, which are corresponding to the (2 2 0) and (2 1 1) planes 

of the cubic-MAO (JCPDS 086-0096) and orthorhombic-MGO (JCPDS 078-2316) phases, 

respectively. However, only one existing phase has been identified in the HRTEM image of 

the MGG host, in which the interplanar distances of 2.67 Å and 4.77 Å (Fig.2.2 (b-i) and Fig. 

2.2 (b-ii), respectively) correspond to the (2 1 1) and (1 0 1) planes of the orthorhombic-MGG 

phase (JCPDS 039-1108).  

 

Existence of all the major elements in the MAG: Mn4+ sample including Mg, Al, Ge, 

O, and Mn4+ are confirmed from the XPS survey spectra, as revealed in Fig.2.S1 (a). The EDX 

spectra (Fig.2.S1 (b)) and elemental mapping (Fig.2.S1 (c)) further confirmed the existence of 

the above elements with stoichiometric homogeneity. Meanwhile, the SEM images of MAG: 

Mn4+, shown in Fig.2.S1 (c), exhibited irregular granular morphology and the sizes is in the 

micron range. The XPS and EDX results of the MGG: Mn4+ sample are also presented in the 

supporting information (Fig.2.S2). 

    

Fig.2.1 Rietveld refinement patterns of (a) MAG) (b) MGG. (c) Representation of an 

orthorhombic crystal arrangement for Mg3M2GeO8
 (M = Al, Ga) with the corresponding 

polyhedrons of (d) MAG and (e) MGG. 
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Fig.2.2 HRTEM images of (a) MAG sample with a magnified version of three different 

regions denoted as (i) (ii) and (iii), and (b) MGG sample with a magnified version of two 

different regions denoted as (i) and (ii).  

 

2.4.2 Effect of Ba2+ doping in the crystal structure of Mg3M2GeO8
 (M = Al, Ga) 

The recorded XRD patterns of MAG: 0.005Mn4+ and MGG: 0.005Mn4+ samples 

including their structural parameters cannot be differentiated from the respective patterns and 

parameters of MAG and MGG samples. Because of this reason, the Rietveld refinement 

analysis of MAG: 0.005Mn4+ and MGG: 0.005Mn4+ samples are not included. However, to 

realize the effect of cationic substitution by larger-sized Ba2+ ions (𝑟𝐵𝑎𝑂6  = 1.35 Å) on the 

crystal structure of Mg3M2GeO8
 (M = Al, Ga), the Rietveld refinement analysis of MAG: Mn4+, 
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0.03Ba2+ and MGG: Mn4+, 0.1Ba2+ samples are carried out and the resultant plots are given in 

Fig.2.3 (a) and Fig.2.3 (b), respectively. The XRD pattern of the MAG: Mn4+, 0.03Ba2+ has 

been Rietveld refined using four reference phases viz. o-MGG, o-MGO, c-MAO and 

tetragonal-Ba2MgGe2O7 (t-BMG, space group P-421m) whereas the refinement of MGG: 

Mn4+, 0.1Ba2+ has been carried out with three phases viz. o-MGG, o-MGO and t-BMG. The 

calculated refinement parameters are tabulated in Table 2.S1 and Table 2.S3 of the supporting 

information. Due to the doping of 0.03Ba2+ in MAG: Mn4+ sample, the cell volume is observed 

to be increased from 534.06 Å3 to 540.17 Å3 (Table 2.S1). The values of the estimated metal-

oxygen bond lengths are also listed in Table 2.S4 of the supporting information. Eventually, 

the increment in the metal-oxygen bond lengths (Table 2.S4) in the various octahedral 

coordination are supporting the above cell volume extension after Ba2+ ions’ incorporation in 

MAG: Mn4+ sample. Such probable expansion due to the Ba2+ ions’ substitution in the various 

[(Mg/Al)O6] octahedral sites has been elaborated schematically in Fig.2.3 (c). Among the 

different octahedral coordination, the volume enhancement of [(Mg1/Al1)O6] sites is 

comparatively higher after Ba2+ ions’ doping (Table 2.S4). This might be due to the more 

suitability of the (Mg1/Al1) sites for the larger-sized Ba2+ ions’ occupation.23  

 

Meanwhile, the changes in [(Mg/Al)–O] bond lengths are also indicating that the 

incorporation of larger Ba2+ ions caused structural distortion in the symmetry of [(Mg/Al)O6] 

octahedrons. Slight variation in the bond lengths of adjacent [(Al/Ge)O4] tetrahedrons has also 

been observed (Fig.2.3 (d)). In the case of the MGG: Mn4+, 0.1 Ba2+ sample, the Ba2+ ions’ 

substitution in the [(Mg/Ga)O6] octahedral sites caused an increase in cell volume from 569.13 

to 580.46 Å3 and similar type of changes in the metal-oxygen bond lengths, as depicted 

schematically in Fig.2.3 (d). The detailed structural parameters evaluated for MGG: Mn4+, 0.1 

Ba2+ sample are supplemented in Table 2.S1, Table 2.S3 and Table 2.S4. 

 

The XRD plots of a series of MAG: Mn4+, xBa2+ (x = 0.0 to 0.3) samples are presented 

in Fig.2.4 (a). As can be seen from Fig.2.4 (a), the XRD patterns of MAG: Mn4+, xBa2+ are not 

much altered below a certain amount of Ba2+ concentration (x < 0.1). With the further increase 

in Ba2+ ions’ concentration to x = 0.1 and above, the XRD peaks of Mg impurity phase o-MGO 

(at 2θ = 22.6 º and 35.1 º) and o-MGG (at 2θ = 36 º) are observed to be decreased gradually. 

Eventually, a new peak at 2θ = 28.7 º attributed to t-BMG,24,25 is generated with the Ba2+ 

doping, which becomes prominent when the Ba2+ ions’ concentration reached to x = 0.10. 

According to Ozturk, the major structure can be able to tolerate the size mismatch between 
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Ba2+ and Mg2+ up to a certain limit of Ba2+ substitution into the Mg2+ sites.26 Hence, at higher 

Ba2+ ionic concentrations (x > 0.1), the substitution of Ba2+ ions in Mg2+ sites becomes 

ineffective owing to the large dissimilarity in the ionic radii of Mg2+ (𝑟𝑀𝑔𝑂6  = 0.72Å) and Ba2+ 

(𝑟𝐵𝑎𝑂6  = 1.35 Å) in their octahedral coordination.27 Because of this reason, a new Ba compound 

phase (t-BMG) has been generated.24, 25 

 

The t-BMG phase consists of [MgO4] tetrahedrons, [Ge2O7] double tetrahedrons, and 

[BaO8] dodecahedrons.25 The higher concentration of Ba2+ ions could form more [BaO8] 

dodecahedrons and utilized Mg2+ and Ge4+ ions from the respective octahedral and tetrahedral 

sites belonging to MGG and MGO phases for the formation of the t-BMG phase. Because of 

this reason might be, the MGG and MGO phases are suppressed significantly at higher Ba2+ 

concentrations. The newly generated t-BMG might also cause severe structural distortion in 

the host. To confirm the above prediction, the identified impurity phases such as o-MGO and 

t-BMG samples have been chosen and synthesized further via the solid-state method, and their 

XRD patterns are illustrated in Fig.2.4 (b) along with the XRD of MAG: Mn4+, xBa2+ (x = 0.1 

and 0.27) samples. From Fig.2.4 (b), the existence of both o-MGO and t-BMG phases in MAG: 

Mn4+, 0.1Ba2+ samples can be easily identified by the corresponding JCPDS data included in 

the figure. Moreover, a higher amount of Ba2+ ions’ doping (MAG: Mn4+, 0.27Ba2+) led to 

intensified XRD peaks of the t-BMG phase, while the main XRD peaks of MGO and MGG 

phases decreased significantly. The XRD analysis has also been carried out for a series of 

MGG: Mn4+, xBa2+ (x = 0.0 to 0.15), which are given in Fig.2.S3 of the supporting information. 

Here also the same impurity phase t-BMG is identified to be prominent at the higher doping 

concentration of Ba2+ ions (Fig.2.S3). 
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Fig.2.3 Refinement patterns of (a) MAG: Mn4+, 0.03 Ba2+ and (b) MGG: Mn4+, 0.10 Ba2+. 

Schematic representation of variation in the octahedrons of (c) MAG and (d) MGG after Ba2+ 

incorporation. 
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Fig.2.4 (a) XRD patterns of MAG: Mn4+, xBa2+ (x = 0.0 to 0.3) samples. (b) XRD patterns of 

synthesized MGO: Mn4+, BMG: Mn4+, MAG: Mn4+, 0.1Ba2+ and MAG: Mn4+, 0.27Ba2+ with 

corresponding JCPDS. 

 

The change in the microstructure of MAG: Mn4+ due to the Ba2+ ions’ incorporation 

could also be realized from the Raman analyses of MAG: Mn4+ and MAG: Mn4+, xBa2+ (x = 

0.03, 0.27) samples. In the obtained Raman spectra of the above samples, as illustrated in Fig. 

2.5 (a), the main band that appeared at ~645 cm-1 can be attributed to the stretching vibration 

of [Al-O] bonds corresponding to [AlO6] octahedrons.28 Meanwhile, the band at around 358 

cm-1 could be attributed to the stretching vibrations of [MgO6] octahedrons.29 The stretching 

vibrations corresponding to the above octahedrons become stronger in Ba2+ co-doped MAG: 

Mn4+, xBa2+ (x = 0.03, 0.27) samples. This might be because of the reduced symmetry of 

structurally distorted [(Mg/Al)O6] octahedrons and increased [(Mg/Al)-O] bond lengths due to 

Ba2+ co-doping as discussed in the XRD analysis of MAG: Mn4+ and MAG: Mn4+, 0.03Ba2+ 

samples previously.20  The average [(Mg/Al)-O] bond lengths are calculated to be 2.039 Å and 
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2.047 Å for MAG: Mn4+ and MAG: Mn4+, 0.03Ba2+ samples, respectively (Table 2.S4). Wang 

et al.20 also reported a similar kind of larger ionic substitution in Ca2MgWO6 which resulted in 

increased [W-O] bond lengths of [WO6] octahedrons. The stretching vibration corresponds to 

the [WO6] octahedrons reportedly becoming stronger due to the above substitution as visible 

in the present case also. The other peaks in Fig. 2.5 (a) located around 450 cm-1, 30 793 cm-1, 

31 and 813 cm-1 32 can be assigned to the stretching vibration of [GeO4] tetrahedrons and the 

peak at ~830 cm-1 33 can be attributed to the stretching vibration of [AlO4] tetrahedrons. 

 

Fig.2.5 (b) presents the XPS survey spectrum of MAG: Mn4+, 0.27Ba2+
,
 which 

confirmed the peaks of Ba, Mg, Al, Ge, O, and Mn exactly where they were predicted to be. 

The Mg 2p core spectrum of MAG: Mn4+ is deconvoluted into two peaks at 49.86 eV and 51.37 

eV (Fig.2.5 (b): (i)). The higher binding energy peak (51.37 eV) corresponds to Mg2+ ions has 

disappeared in MAG: Mn4+, 0.27Ba2+ (Fig.2.5 (b): (ii)), indicating that Ba2+ might have created 

some structural distortion in the Mg2+ sites. The core-level spectra of O 1s for the samples 

MAG: Mn4+ and MAG: Mn4+, 0.27Ba2+ are deconvoluted into O1 (lattice oxygen) and O2 

(surface oxygen), which are positioned at 531 and 532.8 eV (Fig.2.5 (b): (iii) and (iv)). The 

content of surface oxygen (O2) in MAG: Mn4+, 0.27Ba2+ is reduced compared to that in MAG: 

Mn4+. Moreover, the lattice oxygen content (O1) is found to be higher in MAG: Mn4+, 0.27 

Ba2+ sample compared to MAG: Mn4+.  

 

The formation t-BMG phase at a higher concentration (x > 0.1 mol) of Ba2+ ions might 

be responsible for the conversion of more non-lattice oxygen to lattice oxygen for the formation 

of Ba-O bonds. The enhanced lattice oxygen (O1) content for MAG: Mn4+, 0.27Ba2+ sample 

might help to create additional octahedral sites for occupying Mn4+ ions. Moreover, due to 

higher lattice oxygen content, the structural stability should be increased.8 The enhanced 

structural stability and octahedral sites due to the Ba2+ ions’ substitution could be effective to 

intensify Mn4+ ions’ emission.16 The XPS spectra of MGG: Mn4+, xBa2+ (x = 0.0, 0.13) are 

shown in Fig.2.S4. In this case also, reduction of Mg2+ content is observed because of Ba2+ 

inclusion (Fig.2.S4 (i) and (ii)). Meanwhile, the substitution of Ba2+ ions in the Mg2+ sites led 

to a substantial reduction in surface oxygen peak (O2) with the coinciding increase in lattice 

oxygen peak (O1) is observed (Fig.2.S4 (iii) and (iv)).  
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Fig.2.5 (a) Raman spectra of MAG: Mn4+ and MAG: Mn4+, xBa2+ (x = 0.03, 0.27) samples. 

(b) XPS survey spectrum of the sample MAG: Mn4+, 0.27Ba2+. Inset figures show the XPS 

core-level spectra of Mg 2p and O 1s for the samples MAG: Mn4+ and MAG: Mn4+, 

0.27Ba2+.  

 

2.4.3 UV-Vis absorption, photoluminescence and cathodoluminescence properties of (Mg, 

Ba)3M2GeO8: Mn4+ (M = Al, Ga) 

 The UV-DRS spectra of undoped MAG, MAG: Mn4+, and MAG: Mn4+, 

0.27Ba2+ samples are shown in Fig.2.6 (a). The MAG host has shown optical absorption at 

~250 nm owing to the host absorption ((i) of Fig.2.6 (a)).34 In the MAG: Mn4+ and MAG: 

Mn4+, 0.27Ba2+ samples, the absorption peak at 250 nm becomes more prominent owing to the 

overlapping of the O2−- Mn4+ charge transfer band (CTB) and the host absorption. In addition, 
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two more absorption deeps are observed at ~300 nm and 421 nm because of the 4A2g → 

4T1g and 4A2g → 4T2g transitions of Mn4+ ions ((ii) and (iii) of Fig.2.6 (a)). Eventually, the 

mentioned Mn4+ absorption peaks are intensified owing to the Ba2+ co-doping in MAG: 

Mn4+ sample (Fig.2.6 (a)). The band gap values obtained for MAG, MAG: Mn4+ and MAG: 

Mn4+, 0.27Ba2+ samples are calculated via using the Tauc plots35 (Fig.2.6 (b)), and the resultant 

values are 5.97 eV, 5.91 eV, and 5.67 eV, respectively. Because of the lower electronegativity 

of Mn4+ ions than Al3+ ions, the required energy for the band-to-band transitions is reduced 

after Mn4+ doping. The band gap energy further decreased in MAG: Mn4+, 0.27Ba2+ might be 

due to the lower electronegativity of Ba2+ ions than Mn4+ and Al3+ ions.36 

 

The UV-Vis DRS spectra of MGG and MGG: Mn4+, xBa2+ (x = 0.0, 0.13) samples are 

also analysed as supporting evidence (Fig.2.S5 of the supporting information). Broad 

absorption bands are observed in the UV and blue regions for the MGG: Mn4+ and MGG: Mn4+, 

0.13Ba2+ samples. The absorption is higher in the case of MGG: Mn4+, 0.13Ba2+ sample for all 

transitions. The obtained bandgap values for MGG, MGG: Mn4+ and MGG: Mn4+, 0.13Ba2+ 

samples (5.0, 4.96, and 4.89 eV, respectively) followed a similar trade with undoped and doped 

MAG compositions. It is worth mentioning that Mn4+ ions are having strong ligand field 

stabilization energy in the octahedral sites.19,37 In the MAG host, both Mg2+ and Al3+ ions are 

providing the octahedral sites for Mn4+ ions due to matching ionic radii. Also, some of the Mn4+ 

ions can occupy [MgO6] and [AlO6] octahedrons provided by the o-MGO and c-MAO phases,38 

respectively, which could elevate the Mn4+ emission. 
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Fig.2.6 (a) UV-DRS spectra of MAG and MAG: Mn4+, xBa2+ (x = 0.0 and 0.27), (i) 

Overlapping of the host absorption and the Mn4+- O2-  CTB (ii) 4A2g → 4T1g, and (iii) 4A2g → 

4T2g transitions. (b) Tauc’s plots for bandgap calculation (c) PLE (λEM: 659 nm) and PL 

emission spectra (λEX: 284 nm) of MAG: Mn4+, xBa2+ (x = 0.0 to 0.37). (d) Corresponding 

PL images under UV excitation and bar diagram showing the variation of PL intensity with 

Ba2+ concentration under UV and blue excitation. 

 

The photoluminescence excitation (PLE, λem: 659 nm) and emission (λex: 284 nm) 

spectra of MAG: Mn4+, xBa2+ (x = 0.0 to 0.37) samples are shown in Fig.2.6 (c). The PLE 

spectrum of all these samples exhibits broad excitation bands having peaks at 284 nm and 419 

nm. The excitation band ranging from 230 to 380 nm which is identical to the UV chips, can 

be ascribed to Mn4+-O2- CTB and 4A2g→
4T1g, 

2T2g transitions of Mn4+ (as assigned in Fig.2.6 

(c)). The excitation band in the blue region (380 to 480 nm) is well-fitted with the commercial 
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blue-chip, which can be attributed to the spin-allowed 4A2g →
4T2g transition of Mn4+ ions.16 A 

slight redshift appeared in the spectra due to the addition of Ba2+ in the MAG: Mn4+ since 

Ba2+incorporation increases the bond length between the Mn4+ and the ligands, thereby 

decreasing the energy of the Mn4+-O2- CTB.39 Further, PL spectra for each sample resulted in 

a sharp emission peak at 659 nm due to the 2Eg → 4A2g transition and the other weak emissions 

arise due to vibrational sidebands.40 The emission intensity of the phosphors gets increased due 

to partial Ba2+ ions’ substitutions and maximized at xBa2+ = 0.27 mol, which is 3 folds greater 

than that of the MAG: Mn4+ sample. The external quantum efficiency (EQE) value obtained 

for MAG: Mn4+ sample is 29.44%, however, it is calculated to be 49.35% for MAG: Mn4+, 

0.27Ba2+ sample. Further, increase in Ba2+ ions’ concentration quenched the PL intensity. The 

variations in the emission intensity as a function of Ba2+ ions’ concentrations can be understood 

via the PL images of these samples (Fig.2.6 (d)), which are arranged in the increasing order of 

Ba2+ content.  

 

The possible reasons for the red emission enhancement due to the Ba2+ ions’ 

incorporation can be explained using three different aspects as follows: (i) structural distortion 

occurred in MAG: Mn4+ sample due to larger-sized Ba2+ ionic substitution and contribution of 

luminescent centres provided by the newly generated barium phase, (ii) increase in the particle 

sizes of MAG: Mn4+ sample due to the inclusion of Ba2+ ions, and (iii) replacement of Mn4+- 

Mn4+ pairs by the Ba2+-Mn4+ pairs in Ba2+ co-doped samples.  

  

(i) The most probable reason for the enhanced red emission intensity could be the 

structural distortion occurred due to the Ba2+ ions’ substitution in MAG: Mn4+ sample. At the 

lower Ba2+- doping concentrations (<0.1 Ba2+), smaller Mg2+ ions might be substituted by 

larger Ba2+ ions, which resulted in a distorted lattice, as explained during interpreting the XRD 

results. Such lattice distortion, created due to the substitution of larger Ba2+ ions, possibly 

further reduced the site symmetry of [(Mg/Al)O6] octahedrons which are preferably 

accommodating Mn4+ ions and thereby enhanced the red emission.14-16,41-43 Since the 3d−3d 

forbidden transition probability of Mn4+ ions with the 3d3 configuration is largely determined 

by the local symmetry of [MnO6] octahedrons, the decrease of the octahedral symmetry usually 

leads to the relaxation of the selection rule of Mn4+ ions occupied at these octahedral sites. 

Similar results are reported by Wang et al.20 Here the luminous intensity of Ca2MgWO6: Mn4+ 

is reported to be increased by the larger cation pair (Na+ - La3+) substitution in Ca2+ sites. This 

substitution makes severe lattice distortion in the [WO6] sites (preferential for the Mn4+ 
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occupation) by changing the [W-O] bond length, which led to a higher emission. Recently, 

Wang and co-workers also introduced Ba2+ in the Mg2+ sites of the Mg2Y2Al2Si2O12: Ce3+ for 

increasing its emission intensity.44 Fang et al. reported enhanced Mn4+ emission by introducing 

larger K+ ions in the Ba2+ sites of BaTiF6: Mn4+, which led to the increase of [Ba/K-F] bond 

lengths and distortion the [TiF6] octahedral sites preferential for Mn4+ ions’ occupation.45  

 

Meanwhile, after a certain amount of Ba2+ ions’ doping (> 0.1Ba2+), a new phase 

tetragonal-Ba2MgGe2O7 (t-BMG) has been observed in the Ba2+ co-doped MAG: Mn4+ 

samples. This newly generated phase might have supplied the additional luminescent centers 

for Mn4+ ions owing to which the emission of MAG: Mn4+, Ba2+ could be intensified further. 

Z. Lu et al.24 have been reported the emission properties of Mn4+- doped t-BMG synthesized 

via the solid-state route. Herein, Mn4+ ions are reported to be substituted at the Ge4+ sites of t-

BMG. The t-BMG crystal structure consists of [MgO4] tetrahedrons, [Ge2O7] double 

tetrahedrons and [BaO8] dodecahedrons.24,25 Substituting Mn4+ ions in the Ge4+ sites of t-BMG 

exhibited red emission at 660 nm due to the Mn4+: 2Eg → 4A2g transitions.24 The optimized 

composition Ba2MgGe2O7: 0.013Mn4+, reported by Z. Lu et al.,24 has been re-synthesized to 

confirm the reported red emission Mn4+ ions located at the Ge-tetrahedral sites. The PL 

emission spectrum of the Ba2MgGe2O7: 0.013Mn4+ sample is supplemented in Fig.2.S6, of the 

supporting information. The PL emission spectrum of the UV irradiated Ba2MgGe2O7: 

0.013Mn4+ sample shows identical emission features as reported in ref.24.  Meanwhile, the peak 

position has been noted at 660 nm, which is well matching with that of MAG: Mn4+, xBa2+ (x 

= 0.0 to 0.3) samples.  Since the structure of MAG: Mn4+, xBa2+ samples are containing the t-

BMG phase, therefore, it can be predicted that the t-BMG phase could supply additional 

luminescent centres for intensifying the Mn4+ ions’ emission. Peng et al. recently reported the 

enhancement in the PL intensity of the Sr4Al14O25: Mn4+ sample due to the additional 

luminescent centres contributed by the supplementary phases such as SrAl2O4 and SrAl12O19.
46 

However, some advanced studies are still required to establish this phenomenon.  

 

(ii) The increase in phosphor particle size due to the Ba2+ ions’ incorporation could be 

another probable reason for the observed PL enhancement in MAG: Mn4+, xBa2+ samples. To 

observe the effect of Ba2+
 co-doping on the morphology, the SEM analyses are carried out for 

MAG: Mn4+ and MAG: Mn4+, 0.27Ba2+ samples (Fig.2.S7, supporting information). It is 

detected that because of the inclusion of Ba2+ ions, the particle sizes are found to be increased, 
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as can be seen in the SEM results of MAG: Mn4+ and MAG: Mn4+, 0.27Ba2+ samples (Fig.2. 

S7). Generally, the surface-associated defects are decreasing with the increase in particle size, 

which may also able to reduce the non-radiative transitions, and enhance the emission 

subsequently.47 Similar interpretations are reported recently, where the K+ ions’ substitution in 

the Ba2+ sites of Ba2TiF6:Mn4+ 45 and the Mg2+-doping at the Sr2+ sites of Sr4Al14O25: Mn4+ 46 

enhanced the particle sizes as well as the PL intensity of the respective phosphors. In the present 

case, the precursor material BaCO3 melted earlier (melting point ~811 ºC) and might act as a 

flux throughout the sintering process thereby increasing the crystallinity and particle sizes.17,46. 

To reconfirm the effect of particle sizes of MAG: Mn4+, 0.27Ba2+ sample on its emission 

intensity, this sample was also synthesized at various sintering temperatures (700 ºC, 900 ºC, 

1100 ºC and 1300 ºC). The corresponding SEM images and PL emission spectra are given in 

Fig.2.S8 and Fig.2.S9, respectively, of supporting information, respectively. The PL intensity, 

as well as the particle sizes of the samples, were found to be increased with increasing 

annealing temperature.47 The increase in PL emission intensity with the increase of particle 

size can be ascribed to the already explained reduction in non-radiative transition for the larger-

sized particle.47 

 

 (iii) To verify the role of Mn4+-Ba2+ pairs in enhancing the PL emission intensity in 

Ba2+ co-doped samples, PL emission decay lifetime measurements are also performed by 

monitoring the emission at 659 nm upon the UV excitation of 284 nm. The resultant PL decay 

curves for the samples MAG: Mn4+ and MAG: Mn4+,0.27 Ba2+ are shown in Fig.2.S10 (a) of 

the supporting information. All the curves were well-fitted with a second-order exponential 

function and the average lifetime values are calculated by following the procedures reported 

elsewhere.11,46,48 Most importantly, the double exponential fitting indicates the presence of 

multiple luminescence centres in these hosts. The average lifetime values for MAG: Mn4+ and 

MAG: Mn4+, 0.27 Ba2+ are calculated to be 2.14 ms and 2.27 ms, respectively. The slightly 

higher emission lifetime value for MAG: Mn4+, 0.27Ba2+ is related to its brighter emission 

compared to that of MAG: Mn4+ sample.46 This elongation of emission lifetime because of the 

Ba2+ ions’ doping in MAG: Mn4+ sample might also indicate a possible reduction in the content 

of Mn4+-Mn4+ pairs due to the formation of Mn4+-Ba2+ pairs. Such newly formed Mn4+-Ba2+ 

pairs might reduce the non-radiative energy migration probabilities between two neighbouring 

Mn4+ ions by reducing the non-radiative depopulation in the 2Eg level of Mn4+ and thereby 

enhancing the PL emission intensity.46,49   
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 The photoluminescence of a series of MGG: Mn4+, xBa2+ (x = 0.0 to 0.15) samples is 

also recorded to confirm the effectiveness of larger ionic substitution to enhance the Mn4+ ions’ 

emission, as shown in Fig.2.S5 (c) of the supporting information. Also, in this case, a similar 

kind of luminescence behaviour is observed with the Ba2+ ions’ incorporation as seen in MAG: 

Mn4+, xBa2+ due to their isomorphic structure. The PL intensity is maximum when the Ba2+ 

concentration is 0.13 mol, which is 5 folds’ greater than the emission intensity of MGG: Mn4+. 

The PL images captured as a function of various Ba2+ ions’ concentrations are shown in the 

inset of Fig.2.S5 (c). The XRD of MGG: Mn4+, xBa2+ (x = 0.0 to 0.15) samples, shown in 

Fig.2.S3 of the supporting information, indicated an impurity phase of t-BMG due to Ba2+ ions’ 

substitution which possibly helped to enhance the Mn4+ ions’ emission in MGG: Mn4+, xBa2+ 

as in the case of MAG: Mn4+, xBa2+. The average lifetime values obtained (from Fig.2.S10 (b)) 

for MGG: Mn4+ and MGG: Mn4+, 0.13Ba2+ samples are 0.48 ms and 0.70 ms respectively. 

However, these values are much less than the lifetime values of the MAG: Mn4+, 0.27Ba2+ 

sample.46,49,50  

 

2.4.3.1 Comparative PL analysis 

From the comparative photoluminescence emission spectra of MAG: Mn4+, xBa2+ (x = 

0.0, 0.27) and MGG: Mn4+, xBa2+ (x = 0.0, 0.13) samples, shown in Fig.2.7 (a), it has been 

observed that replacing Ga3+ by Al3+ enhanced the PL intensity by 13 folds. The PL intensity 

of MAG: Mn4+ has been further enhanced 3 times by the Ba2+ ions’ substitution (Fig.2.7 (b)), 

which effectively created a more appropriate crystal environment for Mn4+ occupancy in the 

MAG host. The preferential sites for Mn4+ occupancy in MGG are [MgO6] (𝑟𝑀𝑔𝑂6
 = 0.72 Å) 

and [GaO6] (𝑟𝐺𝑎𝑂6
= 0.62 Å), whereas that for MAG are [MgO6] and [AlO6] (𝑟𝐴𝑙𝑂6

 = 0.535 Å). 

However, the ionic size of Al3+ in MAG is more closely to that of Mn4+ (𝑟𝑀𝑛𝑂6

 
= 0.53 Å) than 

that of Ga3+ in MGG, which indicates that [AlO6] octahedrons could be more favourable than 

[GaO6] for Mn4+ ions’ occupancy. To know the site suitability, a parameter known as the 

effective compensating factor (φ = z/r) can be employed in octahedral surroundings, where z 

and r are the charge and radius of an ion located in that octahedron. The z/r ratio of Mg2+, Ga3+, 

Al3+ and Mn4+ in octahedral sites are 2.77, 4.84, 5.607, and 7.547, respectively.51 From these 

values, it is well clear that the z/r ratio of Al3+ is closer to Mn4+ in comparison with other sites. 

Hence MAG is expected to provide more suitable [AlO6] sites for Mn4+ ions leading to greater 

intensity of MAG: Mn4+. Some Mn4+ ions could replace divalent Mg2+ ions at [MgO6] 
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octahedrons because of which Mn4+ valance could reduce to Mn2+ valance to account for the 

charge compensation.  

 

However, the more preferential [AlO6] sites in MAG efficiently reduce the probability 

of Mn4+ ions’ occupancy in [MgO6] sites. Hence the natural reduction probability of Mn4+ to 

Mn2+ for charge compensation is lesser in the MAG host compared to the MGG host will be 

less. This prediction is also supported by the cathodoluminescence studies (discussed later in 

this paper) for the first time for any Mn4+ activated samples. 

  

In addition to the ionic similarities, the detailed XRD and HRTEM analysis of the MAG 

sample confirmed the presence of the co-existing phases such as o-MGO and c-MAO. The 

intense red emission identified in the MAG: Mn4+ might be due to the additional luminescence 

centres of Mn4+ ions provided by the above co-existing phases. Xue et al. synthesized 

Mg2GeO4: 0.001Mn4+ sample through the high-temperature solid-state method and observed 

deep red emission peaking at 659 nm due to the Mn4+ ions occupancy in the [MgO6] sites.38 

The emission spectrum of the UV irradiated Mg2GeO4: Mn4+ sample, which was synthesized 

via adopting the method as reported by Xue et al., is shown in Fig.2.S6 of the supporting 

information. 

 

Another co-existing phase observed in the MAG host is c-MAO, which is also 

containing octahedral coordination for accommodating Mn4+ ions. Wang et al. described the 

luminescence performance of the MgAl2O4: Mn4+ sample prepared via the molten salt 

method.52 According to this report, Mn4+ ions are occupying the [AlO6] octahedrons and 

producing deep red emission at 651 nm. Analogous emission properties of MgAl2O4: Mn4+ 

prepared through the co-precipitation method are also reported by Ji et al.40 Nonetheless, no 

report so far illustrated the photoluminescence of the MgAl2O4: Mn4+ sample prepared via the 

high-temperature solid-state route. Therefore, we have synthesized MgAl2O4: Mn4+ through 

the solid-state method at a sintering temperature of 1300 ℃. However, the solid-state 

synthesized sample have not showed any Mn4+ ions’ emission. In the present case, the MgAl2O4 

phase probably acted as a flux and helped in enhancing the red emission intensity by improving 

the crystallinity. Recently, various literatures have been published by studying the advantages 

of co-existing phases on the red emission enhancement of Mn4+-activated oxide phosphors. For 

example, Wu et al. improved the emission intensity of CaAl12O19: Mn4+ by introducing co-
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existing MgAl2O4 phase as a flux.17 Similarly, Gu et al. also reported the advantages of co-

existing non-luminescent MgAl2O4 phase on the increased red emission intensity of SrMgAl10-

yGayO17: Mn4+.53 Meanwhile the co-existing phases SrAl2O4 and SrAl12O19 are reported to be 

helpful for improvising the emission intensity of Sr4Al14O25: Mn4+.46  

 

The average [Al-O] bond length (2.06 Å) in the octahedral sites of MAG: Mn4+ is found 

to be less than the average [Ga-O] bond length in the octahedral sites of MGG: Mn4+ (2.08 Å). 

These structural changes may also be the root for the higher red emission of MAG: Mn4+ 

compared to MGG: Mn4+.15 The digital PL images, the plots of emission intensity and colour 

purity for MGG: Mn4+, xBa2+ (x = 0.0, 0.13) and MAG: Mn4+, xBa2+ (x = 0.0, 0.27) samples 

are revealed in Fig.2.7 (b). All four samples exhibit excellent red colour purity ~100% under 

the response of both UV and blue irradiations. The CIE coordinates for these samples are in 

the deep-red zone (shown in Fig.2.7 (c)). The CIE coordinates obtained for the brighter red 

emitting MAG: Mn4+, 0.27Ba2+ sample are situated in the deeper red region (0.716, 0.283). 

 

A try has been made to support the above justifications for enhanced red emission in 

MAG: Mn4+ sample compared to MGG: Mn4+ with the help of XPS analysis. The core-level 

XPS spectra (Fig.2.7 (d) and (f)) measured for Ga and Al strongly suggest their 3+ oxidation 

states in MGG: Mn4+ and MAG: Mn4+, respectively. While comparing the O1s spectra recorded 

for MGG: Mn4+ and MAG: Mn4+ samples (Fig.2.7 (e) and (g)), the lattice oxygen (O1) content 

is higher in the case of MAG: Mn4+. The higher lattice oxygen content in the MAG: Mn4+ may 

help to form more octahedral bonds in MAG: Mn4+ compared to MGG: Mn4+. Also, the 

structural stability will be higher in MAG: Mn4+ due to this higher lattice oxygen content.8 

These factors can lead to higher emission intensity of MAG: Mn4+. 
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Fig.2.7 (a) Comparison of PL emission spectra (λex = 284 nm) of (i) MGG: Mn4+, (ii) MGG: 

Mn4+, 0.13Ba2+, (iii) MAG: Mn4+ and (iv) MAG: Mn4+, 0.27Ba2+ samples with the (b) 

corresponding PL images, PL intensity (line with symbol) and colour purity (bar). (c) CIE 

diagram and the colour coordinates of the above 4 samples. XPS spectra of (d) Ga 2P and (e) 

O 1s for MGG: Mn4+. XPS spectra of (f) Al 2p and (g) O 1s for MAG: Mn4+. 

 

2.4.3.2. Estimation of Mn4+ energy level diagram and, evaluation of spectroscopic 

parameters 

 The PLE spectra of MGG: Mn4+, xBa2+ (x = 0.0, 0.13) and MAG: Mn4+, xBa2+ (x = 0.0, 

0.27) samples can be deconvoluted into 4 Gaussian peaks (Fig.2.8 (a)).54,55 The peaks located 

around 280 nm, 320 nm, 360 nm, and 420 nm resemble the Mn4+-O2- CTB, 4A2g →
4T1g, 

4A2g→ 

2T2g, and 4A2g→
4T2g transitions of Mn4+ ions, respectively. The Tanabe Sugano energy level 

illustration of Mn4+ ions in an octahedron is displayed in Fig.2.8 (c). The strong and weak 

crystal fields are distinguished by a line passing through the intersection of 4T2g and 2Eg. The 

ratio of octahedral field strength (Dq) and Racah parameter (B) for MGG: Mn4+, xBa2+ (x = 

0.0, 0.13) and MAG: Mn4+, xBa2+ (x = 0.0, 0.27) samples are greater than 2.1 indicating that 

Mn4+ experiences a strong crystal field in all these hosts. To compare the effect of the host 

structure crystal field splitting energy value (10 Dq) and Racah parameter values B and C for 

the samples MGG: Mn4+, xBa2+ (x = 0.0, 0.13) and MAG: Mn4+, xBa2+ (x = 0.0, 0.27) are also 
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calculated and listed in Table 2.1. It is obvious from Fig.2.8 (a) that the Mn4+-O2- CTB of 

MAG: Mn4+ is slightly blue-shifted compared to the MGG: Mn4+ since Mn4+ ions in the smaller 

Al3+ sites require a larger charge transfer (CT) energy than for the Mn4+ in the Ga3+ sites.39 The 

slight reduction in the Dq/B values of MAG: Mn4+ compared to MGG: Mn4+ can be attributed 

to the lower average Al-O bond length of MAG: Mn4+.49 

 

 The high-temperature PL analysis has been carried out for the two compositions MAG: 

Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+. The temperature is varied from 300 K to 453 K 

and the PL emission spectra are recorded under the UV excitation. Even at 453 K, MAG: Mn4+, 

0.27Ba2+ sample could retain 70% of its initial room temperature intensity. However, the 

MGG: Mn4+, 0.13Ba2+ could retain less than 60% of its room temperature intensity (Fig.2.8 

(b)). The quenching temperature increases when Ga3+ is replaced with Al3+ in MAG: Mn4+, 

0.27Ba2+ sample. The ionic size of the Mn4+ ion in the octahedral coordination is 0.53 Å, which 

is closer to that of Al3+ (𝑟𝐴𝑙𝑂6
 = 0.535 Å) in MAG: Mn4+ samples rather than that of Ga3+ (𝑟𝐺𝑎𝑂6

= 

0.62 Å) in MGG: Mn4+ samples. Using the Arrhenius plot,15 the activation energy has been 

calculated for both samples, which is calculated to be 156 meV for MAG: Mn4+, 0.27Ba2+, and 

149 meV for MGG: Mn4+, 0.13 Ba2+.  

 

The higher activation energy in MAG: Mn4+, 0.27Ba2+ sample than that in MGG: Mn4+, 

0.13Ba2+ can be explained with the configuration coordinate diagram, as presented in Fig.2.8 

(d). With UV excitation, free electrons jump first from the 4A2g ground state to the excited 

states (2Eg, 
4T1g, or 4T2g) and then non-radiatively relax to the 2Eg states. The radiative emission 

towards the 4A2g state from the 2Eg state results in deep red emission. While increasing the 

temperature number of electrons in the 2Eg state increase and gain more energy. The thermally 

excited electrons could reach the intersection point of 4A2g and 2Eg (Cross over point) and relax 

to the ground state (4A2g) non-radiatively. The position of cross over points may be different 

for these two samples and MAG: Mn4+, 0.27Ba2+ might requires more energy for reaching this 

point leading to its higher activation energy. Hence the different activation energy is that Mn4+ 

in the above two samples experiences different quenching barriers considering the structural 

difference as well as the 4T1g, 
2T2g energy and Mn4+-O2- CTB energy.56 The variation of peak 

intensities (positioning at 659 nm and 630 nm) with temperature for MAG: Mn4+, 0.27Ba2+ is 

shown in Fig.2.8 (e). The absorbed energy in this process is called activation energy.57,58 

Meanwhile, the CIE coordinates are not affected much due to the increase in temperature 
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indicating strong ligand field stabilization energy in the octahedral sites of MAG: Mn4+, 

0.27Ba2+ where Mn4+ ions are situated (Fig.2.8 (e)). 

 

 

 

Fig.2.8 (a) Deconvoluted PL excitation spectra of (i) MGG: Mn4+ (ii) MGG: Mn4+, 0.13Ba2+ 

(iii) MAG: Mn4+ and (iv) MAG: Mn4+, 0.27Ba2+. (b) Plots of normalized emission intensity 

vs temperature and Arrhenius plots for the samples MGG: Mn4+, 0.13Ba2+ and MAG: Mn4+, 

0.27Ba2+. (c) Tanabe–Sugano energy illustration of Mn4+ ions in an octahedron and 

representation of Dq/B values of MGG: Mn4+, xBa2+ (x = 0.0, 0.13) and MAG: Mn4+, xBa2+ 

(x = 0.0, 0.27). (d) Configuration coordinate diagram for activation energy calculation. (e) 

Bar diagram showing variation of CIE coordinates with temperature along with variation of 

peak intensities (positioning at 659 nm and 630 nm) with temperature for the sample MAG: 

Mn4+, 0.27 Ba2+. 
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Table 2.1. Spectroscopic parameter values obtained from PL emission and excitation spectra. 

Phosphor 4T1 

(cm-1) 

4T2 

(cm-1) 

2Eg 

(cm-1) 

Dq Dq/B B C 

MGG: Mn4+ 30960 24038 15175 2404 3.75 642 3414 

MGG: Mn4+, 0.13Ba2+ 31153 24038 15175 2404 3.63 662 3367 

MAG: Mn4+ 31153 23923 15175 2392 3.54 676 3338 

MAG: Mn4+, 0.27Ba2+ 31055 23923 15175 2392 3.60 664 3362 

 

2.4.3.3 Low-temperature photoluminescence of MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 

0.13Ba2+ 

Low-temperature PL spectra for the two optimum samples MAG: Mn4+, 0.27Ba2+ and 

MGG: Mn4+, 0.13Ba2+ are investigated with the excitation of a 266 nm laser source operated 

at 10 mW to compare the activation energy of these phosphors. To elucidate the influence of 

[AlO6] octahedrons in activation energy and photoluminescence, the PL spectra of these two 

samples are probed by varying the temperature from 10 K to 300 K (Fig.2.9 (a)). The activation 

energy is calculated from the low-temperature PL spectra using the Arrhenius plot, as revealed 

in Fig.2.9 (b) for MAG: Mn4+, 0.27Ba2+.  

  

Generally, electronic transitions between 2Eg and 4A2g states of Mn4+ ions are forbidden 

because of the same parity. In these phosphors, Mn4+ ions occupy the Al3+/Ga3+ octahedral sites 

without inversion symmetry which helps to partially break the selection rules for this transition. 

The PL spectra of the 2Eg → 4A2g transition show several emissions bands between 600 to 700 

nm. The zero phonon line (ZPL) at 639 nm and sidebands are prominently observable at 10 K. 

The Stokes bands are highly intense whereas anti-Stokes bands are less intense. As the 

temperature increased, the intensity of the stokes bands at 659 nm (P1) and 647 nm (P2), and 

ZPL decrease, whereas, that of the anti-Stokes band at 630 nm (P3) increased. This can be 

attributed to the participation of more restricted phonon vibrations at higher temperatures.15 On 

increasing the temperature, the anti-Stokes bands are thermally depopulated from the Stokes 

band until the thermal equilibrium is reached. This substantiates the increase in intensity with 

the rise in temperature. Also, Boltzmann’s law should be obeyed in the intensity ratio of anti-
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Stokes and Stokes bands as phonon-coupled sidebands are considered as a couple of adjacent 

levels.15 

 

The variation of peak intensities with temperature is shown in the inset of Fig.2.9 (b). 

This can be attributed to the thermal vibration developed in the host.59 The temperature-

dependent emission spectra show a typical trend of spectral broadening and a redshift of the 

emission band. As the temperature increases, the emission bands become broader and the peaks 

are shifted to higher wavelength regions because of photon reabsorption and increased acoustic 

electron interaction following the Varshini equation. The redshift of the emission bands with 

increasing temperature is due to the expansion of activator-ligand distance leading to a lower 

crystal field splitting. Furthermore, ZPL intensity decreases with increasing temperature can 

be ascribed to the loss of phonon energy via non-radiative transition.16 

  

The low-temperature PL spectra and intensity variation of P1, P2, and P3 with 

temperature and Arrhenius plots of MGG: Mn4+, 0.13Ba2+ are shown in Fig.2.9 (c) and (d), 

respectively. A similar kind of temperature-dependent emission behaviour is observed for P1 

(~659 nm), P2 (~650 nm), and P3 (~631 nm) peaks in the MGG: Mn4+, 0.13Ba2+ sample (inset 

of Fig.2.9 (d)).  

 

While comparing low-temperature PL spectra for these two optimum samples, the 

shape of the emission spectra has been changed due to the replacement of Ga3+ with Al3+. This 

might be due to the preferential occupancy of Mn4+ in [AlO6] octahedrons (in MAG: Mn4+, 

0.27Ba2+) rather than [GaO6] octahedra (in MGG: Mn4+, 0.13Ba2+). Since the shape of the 

emission spectra depends on the coordination environment of Mn4+. The activation energy 

obtained for MAG: Mn4+, 0.27Ba2+ is 119.83 meV, which is greater than the calculated 

activation energy of MGG: Mn4+, 0.13Ba2+ (102.85 meV). The Mn-O bond in [AlO6] 

octahedrons is weaker than the same situated in [GaO6] octahedrons due to the lower size of 

Al3+ ions than Ga3+ ions. These differences in their bond-length causes difference in the 

energies of 4T1g and Mn4+-O2- CTB. Hence, these two samples experience different quenching 

barriers and it could be the reason for the higher activation energy of MAG: Mn4+, 0.27Ba2+ 

compared to MGG: Mn4+, 0.13Ba2+.22,56,60 The ZPL (P2) intensity mainly depends on the Mn4+ 

ions’ coordination environment. Therefore, more sharpness and higher intensity of the ZPL in 

MAG: Mn4+, 0.27Ba2+ compared to MGG: Mn4+, 0.13 Ba2+ might be due to the lower symmetry 

of the [AlO6] octahedrons than the [GaO6] octahedrons.61  
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An interesting fact to note is that a very weakly intense broad green emission band 

peaked at 505 nm is observed for MGG: Mn4+, 0.13Ba2+ sample at lower temperatures, which 

is however not seen in the low-temperature PL of MAG: Mn4+, 0.27Ba2+. The magnified 

portion below 600 nm of the low-temperature PL spectra of MGG: Mn4+, 0.13Ba2+ sample is 

shown in the insets of Fig.2.9 (c). To predict the origin of a such broad peak, the 

cathodoluminescence analysis of MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13 Ba2+ samples 

are carried out further. 

 

 

Fig.2.9 (a) Low-temperature PL spectra of MAG: Mn4+, 0.27 Ba2+ and corresponding (b) 

Arrhenius plot (inset shows the variation of peak intensities with temperature) (c) Low-

temperature PL spectra of MGG: Mn4+, 0.13 Ba2+ (inset shows the enlarged portion of green 

emission) and corresponding (d) Arrhenius plot (inset shows the variation of peak intensities 

with temperature). 
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2.4.3.4. Cathodoluminescence properties of optimum MAG: Mn4+, 0.27Ba2+ and MGG: 

Mn4+, 0.13Ba2+ 

Apart from the 2Eg → 4A2g transitions of Mn4+ ions, a weakly intense broad green 

emission is observed at 505 nm in low-temperature PL spectra of MGG: Mn4+, 0.13Ba2+ sample 

(Fig.2.9 (c)). However, no such green emission is observed for MAG: Mn4+, 0.27Ba2+ sample 

(Fig.2.9 (a)). To investigate the origin of the green emission, the cathodoluminescence (CL) 

spectra, as well as the spectral maps, are collected for MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 

0.13Ba2+ samples. Unlike the UV photons’ excitation in PL, the excitation with high-energy 

electrons in CL can produce almost all the possible transitions to the higher energy state. Hence, 

it could be more useful to identify the various emission centers in any kind of luminescent 

materials.62 

 

  

Fig.2.10 (a) Normalized CL spectra with respect to the green emission peak of MAG: Mn4+, 

0.27Ba2+ sample. (b, b’) SEM images, (b1, b’1) panchromatic overall intensity mapping, and 

filtered maps for the (b2, b’2) green (from 450 to 570 nm) and (b3, b’3) red emission (from 

570 and 800 nm) recorded for different sized particles in MAG: Mn4+, 0.27Ba2+ sample. (c) 

Normalized CL spectra with respect to the green emission peak of MGG: Mn4+, 0.13Ba2+ 

sample. (d, d’) SEM images, (d1, d’1) panchromatic overall intensity mapping, and filtered 
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maps for the (d2, d’2) green (from 450 to 570 nm) and (d3, d’3) red emission (from 570 and 

800 nm) band recorded for different sized particles in MGG: Mn4+, 0.13Ba2+ sample. 

 

The CL spectra are recorded at room temperature for MAG: Mn4+, 0.27Ba2+ and MGG: 

Mn4+, 0.13Ba2+ samples focusing on individual grains having different sizes (Fig.2.10 (a) and 

(c)).  Compared to the sharp PL emission spectra, the CL spectra of these samples show a 

broader emission band centered at 650 nm, which might be attributed to the red emission 

originating from the emission centers of both Mn4+ and Mn2+ ions since the occupancy of 

Mn2+ ions in the [MgO6] octahedrons can also produce broad orange-red emission.63 

Interestingly, broad green emission bands centered at 518 nm and 504 nm is observed for 

MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+, respectively, which are attributed to the d-

d transitions of Mn2+ ions. Unlike the PL spectra, the green emission band in both samples are 

observed to be prominent in their CL spectra. Since the d-d transitions of Mn2+ ions are 

forbidden in view of spin and parity, therefore, it requires high energy pumping or the help of 

sensitizers (Ce3+, Eu2+) to be intensified.64-66 In the present case, the high energy electronic 

irradiations during the CL spectral measurements could effectively pump the d-d transitions of 

Mn2+ ions owing to which the broad Mn2+ emission bands are detected. The CL spectra 

normalized with respect to the intensity of the green emission bands observed in various-sized 

grains in both these samples are presented in Fig.2.10 (a) and Fig.2.10 (c). These could be 

helpful to observe the effect of particle sizes on the emission features of manganese ions having 

2+ and 4+ valance. 

 

The relative intensity of the red emission of MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 

0.13Ba2+ samples varies with the particle sizes, as can be seen in Fig.2.10 (a) and Fig.2.10 (c), 

respectively. Meanwhile, the red emission is dominant in the case MAG: Mn4+, 0.27Ba2+ 

sample irrespective of the particle size. However, no consistent trend of CL emission variation 

with the particle size could be identified in both of these samples. A similar kind of result 

showing the independency of particle size on CL efficiency is reported by L. E. Shea et al.67 

Though the variations appear to be uncorrelated with the parcel size, interestingly in the present 

case, the red-to-green emission proportion is seen to be dependent on the compositions of the 

materials. The red-to-green CL peak ratio in MGG: Mn4+, 0.13Ba2+ particles is lower than that 

observed in MAG: Mn4+, 0.27Ba2+ particles.  
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The existence of sharp red (from Mn4+), and broad red (from Mn2+) as well as broad 

green (from Mn2+) emission bands can be identified from the spectrally filtered SEM 

micrographs of different particles having different sizes in these two samples. Fig.2.10 (b, b’) 

and Fig.2.10 (d, d’) are representing the general SEM images of different-sized particles to be 

studied in MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+ samples, respectively. Whereas, 

Fig.2.10 (b1, b’1) and Fig.2.10 (d1, d’1) are representing the overall panchromatic intensity 

maps of the respective particles shown in Fig.2.10 (b, b’) and Fig.2.10 (d, d’). In the illustrated 

panchromatic intensity maps, the CL signal is averaged over all visible wavelengths that fall 

within the specific detection range. The red and green emission regions can be easily visualized 

from the respective panchromatic maps of both samples. The spectrally filtered maps of the 

small and big particles in MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+ samples are also 

presented in Fig.2.10 (b2, b3, and b’2, b’3) and Fig.2.10 (d2, d3, and d’2, d’3), respectively. 

These filtered maps are further helpful for the precise visualization and the spatial distribution 

of the green emission (from 450 nm to 570 nm), and the red emission (from 570 nm to 800 nm) 

intensities observed in the overall panchromatic maps.   

 

The origin of green emissions can be attributed to the reduction of Mn4+ ions to Mn2+ 

ions and their occupancy in tetrahedral sites.63 The reduction can be explained in two ways. 

One is self-reduction resulting from site occupation and the other is caused by the electron 

beam during CL measurement. Here the generated Mn2+ ions (𝑟𝑀𝑛𝑂4
: 0.66 Å) can occupy the 

Al3+ (𝑟𝐴𝑙𝑂4
: 0.39 Å) and Ga3+ (𝑟𝐺𝑎𝑂4

: 0.47 Å) tetrahedral sites of MAG: Mn4+, 0.27Ba2+ and 

MGG: Mn4+, 0.13Ba2+, respectively. When a tetravalent ion is doped at the trivalent site, a 

divalent ion can be generated to maintain charge neutrality. In this case, an Mn4+ ion can 

substitute one Al3+ (or Ga3+) ion at the octahedrons, and other Mn4+ ions might be reduced to 

Mn2+ and occupy an Al3+ (or Ga3+) tetrahedrons to maintain the charge neutrality21 according 

to the following equation:  

 

                        [Al3+/Ga3+] + [Mn4+] → [Mn4+]Al/Ga + [Mn2+]Al/Ga.                                (2.1) 

 

If some of the Mn4+
 ions are substituted in the [MgO6] sites instead of Al3+ (or Ga3+) octahedral 

sites, the self-reduction of Mn4+ to Mn2+ may enhance. The number of Mn4+ ions going to 

[MgO6] sites of MAG: Mn4+, 0.27Ba2+ are less due to the availability of more suitable [AlO6] 

sites of MAG host for Mn4+ ions’ occupancy. Hence, the self-reduction of Mn4+ to Mn2+ is 
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expected to be lesser in MAG: Mn4+, 0.27Ba2+ compare to MGG: Mn4+, 0.13Ba2+.68,69 Also, 

compared to [AlO4] tetrahedrons [GaO4] tetrahedrons are more suitable for Mn2+ to occupy. 

Therefore, the Mn2+ green emission is relatively lower in MAG: Mn4+, 0.27Ba2+ compared to 

MGG: Mn4+, 0.13Ba2+. Moreover, the full width at half maximum (FWHM) of the electrons’ 

irradiated red emission in MGG: Mn4+, 0.13Ba2+ is much higher due to more contribution of 

Mn2+ ions in red emission. Further studies are required for the exact confirmation of these 

observations. 

 

2.4.4 Applications in WLEDs and red LEDs 

The PLE and PL emission intensity of optimum MAG: Mn4+, 0.27Ba2+ phosphor has 

been compared with commercial blue-emitting BaMgAl10O17: Eu2+(BAM: Eu2), yellow-

emitting Y3Al5O12: Ce3+ (YAG: Ce3+) and red-emitting (Y2O3: Eu3+) phosphors, as displayed 

in Fig.2.11 (a) and (b), respectively. The emission intensity of the optimum red phosphor is 

higher than the commercial blue and yellow phosphors. It exhibited almost the same emission 

intensity but more width (FWHM~18 nm) than the commercial red phosphor (FWHM~2 nm) 

(Fig.2.11 (b)). Fig.2.11 (c) represents the excitation spectrum of MAG: Mn4+, 0.27Ba2+ and 

emission spectra of YAG: Ce3+. The trivial overlapping of the emission spectra of YAG: Ce3+ 

and excitation spectra of MAG: Mn4+, 0.27Ba2+ is indicating that the probability of photons’ 

reabsorption is negligible. Therefore, MAG: Mn4+, 0.27Ba2+ composition can be a suitable red 

component to enhance the colour rendering (CRI) and to reduce the correlated colour 

temperature (CCT) of a YAG: Ce3+ based WLEDs. Likewise, Fig.2.11 (d) represents the 

excitation spectra of MAG: Mn4+, 0.27Ba2+ with the emission spectra of blue-emitting BAM: 

Eu2+ and green-emitting CeMgAl11O19: Tb3+ (CMA: Tb3+) phosphors. In this case, the 

overlapping region between excitation spectra of MAG: Mn4+, 0.27Ba2+ phosphor and emission 

spectra of the green phosphor (CMA: Tb3+) is negligible. Also, the overlapping between the 

excitation spectra and emission spectra of MAG: Mn4+, 0.27Ba2+ and BAM: Eu2+ phosphors, 

respectively, is marginal. This result supports the suitability of MAG: Mn4+, 0.27Ba2+ 

composition as a red component for the tricolour phosphors-based WLEDs.  

 

Therefore, WLEDs have been fabricated by two different approaches. At first, MAG: 

Mn4+, 0.27Ba2+ phosphor has been mixed with YAG: Ce3+ with a ratio of 6:4. This phosphor 

mixture is then incorporated with poly (methyl methacrylate) by grinding. Then the mixture is 

stirred thoroughly with acryline to make a thick paste. The resulting paste has been coated on 
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a blue InGaN chip of 410 nm wavelength to produce WLED. The EL spectrum and 

corresponding digital image of the resultant WLED are shown in Fig.2.12 (a). This 

combination produces warm white light with a CCT of 3730 K, CRI of 89, and CIE coordinates 

of (0.38, 0.35). Using a 280 nm UV LED chip, another WLED has been fabricated by mixing 

optimum MAG: Mn4+, 0.27Ba2+ red phosphor with commercial blue (BAM: Eu2+) and green 

(CMA: Tb3+) phosphors with a mixing ratio of 7:3:2. This combination produces natural white 

light with a CCT of 5306 K, a CRI of 79, and a CIE coordinate of (0.34, 0.34). The EL spectrum 

and the corresponding digital image of the fabricated WLED are shown in Fig.2.12 (b).  The 

obtained values of CCT and CRI strongly suggest that MAG: Mn4+, 0.27Ba2+ is a promising 

red component for blue and UV-based phosphor-converted WLEDs used in indoor lighting. 

 

Furthermore, three red LEDs are developed by combining the red phosphor with 280 

nm, 365 nm UV LED, and 410 nm blue LED chips. The corresponding EL spectra with the 

direct red LED images are shown in Fig.2.12 (c). The emission peak centered at 659 nm is well 

matching with the absorption peak of chlorophyll A and Chlorophyll B responsible for 

photosynthesis and photoperiodic effects in plant leaves.18,70 The red LED developed by 

combining red phosphors with blue LED has two emission bands at 410 nm and 659 nm. Hence 

this LED can cover the absorption spectrum of phytochrome Pr since its absorption spectrum 

exhibits major bands at 405 nm and 655 nm.71 L. Shi et al. developed red LED for plant growth 

application by combining Ca2LaSbO6: Mn4+ with a near UV LED chip and it showed an 

emission peak at 695 nm with a CRI of 26.6.72 S. Gu et al. developed red LEDs by combining 

SrMgAl10-yGayO17: Mn4+ phosphor with blue LEDs and its CIE coordinate values varies from 

(0.146, 0.036) to (0.578, 0.229).53 Here we fabricated three red LEDs and the corresponding 

CRI (35, 47, and 49) and CIE values (0.472, 0.174), (0.624, 0.327), and (0.705, 0.286) are 

found to be suitable for artificial lighting for plant growth.18,70 
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Fig.2.11 Comparative (a) PLE and (b) PL spectra of the optimum MAG: Mn4+, 0.27Ba2+ 

sample with commercial BAM: Eu2+ (blue), YAG: Ce3+ (yellow) and Y2O3: Eu3+ (red) 

phosphors. (c) PLE spectra of MAG: Mn4+, 0.27Ba2+ and emission spectra of YAG: Ce3+ 

showing spectral overlap. (d) PLE spectra of MAG: Mn4+, 0.27Ba2+ with the PL spectra of 

BAM: Eu2+ and CMA: Tb3+showing spectral overlap. 
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Fig.2.12 (a) EL spectra for the WLED fabricated by combing blue LED chip with YAG: Ce3+ 

and MAG: Mn4+, 0.27Ba2+ (b) EL spectra for the WLED fabricated by combing red MAG: 

Mn4+, 0.27Ba2+ phosphor with commercial green and blue phosphors using 280 nm UV LED 

chip. (c) EL spectra for the red LED fabricated using LED chips of different wavelengths.   

 

2.5 Conclusions 

In the present research, innovative deep red-emitting (Mg, Ba)3Al2GeO8: 

Mn4+ phosphor was evaluated from its analogue of Mg3Ga2GeO8: Mn4+. Initial replacement of 

Ga3+ by Al3+ yielded Mg3Al2GeO8: Mn4+, which showed much more intense red emission than 

Mg3Ga2GeO8: Mn4+ due to the strong preference of Mn4+ to the [AlO6] octahedrons compared 

to [GaO6] octahedrons. The co-existing phases of MgAl2O4 and Mg2GeO4 in Mg3Al2GeO8: 

Mn4+ also contributed to the Mn4+ luminescence by providing more preferable octahedral sites 

for Mn4+ occupancy. These sites reduced the natural reduction probability of Mn4+ to Mn2+ in 

the tetrahedral sites, which was confirmed by the low-temperature photoluminescence and 

cathodoluminescence studies for the first time.  Eventually, the partial substitution of larger 

Ba2+ ions in Mg2+ sites caused structural distortions and generated new Ba impurity phases, 
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which improved the Mn4+ photoluminescence further. Under UV and violet-blue exposure, the 

optimum composition Mg2.73Ba0.27Al2GeO8: Mn4+ exhibited deep red emission at 659 nm, 

which was 35 folds greater in intensity than the base composition of Mg3Ga2GeO8: Mn4+. The 

emission was matching with the absorption of chlorophylls liable for plants’ 

photosynthesis. The intense red emission with 100% colour purity of the optimized 

composition makes it a suitable red phosphor to enhance the colour rendering of commercial 

white-LEDs. 

 

 

2.6 Supporting Information 

 

Fig.2.S1. (a) XPS survey spectra of MAG: Mn4+ sample. (b) EDX compositional analysis, (c) 

SEM image and elemental mapping of Mg, Al, Ge, O, and Mn for MAG: Mn4+. 
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Fig.2.S2. EDX composition analysis and SEM image of MGG: Mn4+ with EDX elemental 

mapping images of Mg, Ga, Ge, O and Mn. 
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Fig.2.S3. XRD patterns of MGG, MGG: Mn4+, MGG: Mn4+, xBa2+ (x = 0.03 to 0.15) 

samples. 
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Fig.2.S4. XPS survey spectrum of the sample MGG: Mn4+, 0.13Ba2+. The inset shows the 

XPS core-level spectra of Mg 2p and O 1s for the samples MGG: Mn4+ and MGG: Mn4+, 

0.13Ba2+. 
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Fig.2.S5. (a) UV-DRS spectra of MGG and MGG: Mn4+, xBa2+ (x = 0.0, 0.13), (i) 

Overlapping of the host absorption and the Mn4+- O2-  CTB (ii) 4A2g → 4T1g, and (iii) 4A2g → 

4T2g transitions. (b) Tauc’s plots for bandgap calculation (c) PLE spectra (λem: 659 nm) and 

PL emission spectra (λex: 315 nm) of MGG: Mn4+, xBa2+ (x = 0.0 to 0.15). Inset shows the 

variation of PL intensity with Ba2+ concentration under UV and blue excitation. 
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Fig.2.S6. PL emission spectra of BMG: Mn4+ and MGO: Mn4+ samples under the UV 

excitation of 284 nm. 

 

 

Fig.2.S7. SEM images of (a) MAG: Mn4+ and (b) MAG: Mn4+, 0.27Ba2+ samples. 
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Fig.2.S8. SEM images of MAG: Mn4+, 0.27Ba2+ samples synthesized at various sintering 

temperatures (a) 700 ℃ (b) 800℃ (c) 900 ℃ and (d) 1300 ℃. 

 

 

Fig.2.S9. PL emission spectra (λex: 284) of MAG: Mn4+, 0.27Ba2+ samples synthesized at 

various sintering temperatures (700 ℃, 800℃, 900 ℃ and 1300 ℃). 
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Fig.2.S10. PL emission decay curves of (a) MAG: Mn4+ and MAG: Mn4+, 0.27Ba2+ (b) 

MGG: Mn4+ and MGG: Mn4+, 0.13Ba2+ recorded at λEm = 659 nm and λExc = 284 nm. 

 

 

Table 2.S1: The lattice parameters of the following refined samples   

Lattice 

parameters 

MAG MGG MAG: Mn4+, 0.03Ba2+ MGG: Mn4+,0.1Ba2+ 

a [Å] 5.741 5.8197 5.761 5.89 

b [Å] 11.479 11.7646 11.499 11.797 

c [Å] 8.104 8.3126 8.154 8.353 

V[Å3] 534.059 569.13 540.166 580.46  

Rp (%) 3.3 4.1 2.88 3.8 

Rwp (%) 4.6 5.68 4.14 5.45 

GOF 2.0 2.0 2.43 2.12 
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Table 2.S2: Rietveld refined atomic coordinates and fraction of occupancies of MAG and 

MGG samples. 

MAG 

Atoms Sites x y z Fraction of 

occupancy 

Mg Mg1 0.00000 0.00000 0.00000 0.800 

Al Al1 0.00000 0.00000 0.00000 0.200 

Mg Mg2 0.00000 0.25000 0.97580 0.900 

Al Al2 0.00000 0.25000 0.97580 0.100 

Mg Mg3 0.25000 0.12460 0.25000 0.650 

Al Al3 0.25000 0.12460 0.25000 0.350 

Al Al4 0.00000 0.12020 0.61860 0.500 

Ge Ge4 0.00000 0.12020 0.61860 0.500 

O O1 0.00000 0.25000 0.22000 1.00 

O O2 0.00000 0.25000 0.72200 1.00 

O O3 0.00000 0.99970 0.25300 1.00 

O O4 0.25200 0.12700 0.99820 1.00 

MGG 

 

 

 

 

 

 

 

 

 

 

 

 

Atoms Sites x y z Fraction of 

occupancy 

Mg Mg1 0.00000 0.00000 0.00000 0.800 

Ga Ga1 0.00000 0.00000 0.00000 0.200 

Mg Mg2 0.00000 0.25000 0.97580 0.900 

Ga Ga2 0.00000 0.25000 0.97580 0.100 

Mg Mg3 0.25000 0.12460 0.25000 0.650 

Ga Ga3 0.25000 0.12460 0.25000 0.350 

Ga Ga4 0.00000 0.12020 0.61860 0.500 

Ge Ge4 0.00000 0.12020 0.61860 0.500 

O O1 0.00000 0.25000 0.22000 1.000 

O O2 0.00000 0.25000 0.72200 1.000 

O O3 0.00000 0.99970 0.25300 1.000 

O O4 0.25200 0.12700 0.99820 1.000 
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Table 2.S3: Rietveld refined atomic coordinates and fraction of occupancies of MAG: 

0.03Ba2+ and MGG: Mn4+, 0.1Ba2+ samples. 

MAG: Mn4+, 0.03Ba2+ 

Atoms Sites X Y Z Fraction of 

occupancy 

Mg Mg1 0.00000 0.00000 0.00000 0.790 

Al Al1 0.00000 0.00000 0.00000 0.200 

Ba Ba1 0.00000 0.00000 0.00000 0.010 

Mg Mg2 0.00000 0.25000 0.97580 0.890 

Al Al2 0.00000 0.25000 0.97580 0.100 

Ba Ba2 0.00000 0.25000 0.97580 0.010 

Mg Mg3 0.25000 0.12460 0.25000 0.640 

Al Al3 0.25000 0.12460 0.25000 0.345 

Ba Ba3 0.25000 0.12460 0.25000 0.010 

Mn Mn1 0.25000 0.12460 0.25000 0.005 

Al Al4 0.00000 0.12020 0.61860 0.500 

Ge Ge4 0.00000 0.12020 0.61860 0.500 

O O1 0.00000 0.25000 0.22000 1.000 

O O2 0.00000 0..25000 0.72200 1.000 

O O3 0.00000 0.99970 0.25300 1.000 

O O4 0.25200 0.12700 0.99820 1.000 

MGG: Mn4+, 0.1Ba2+ 

Mg Mg1 0.00000 0.00000 0.00000 0.767 

Ga Ga1 0.00000 0.00000 0.00000 0.200 

Ba Ba1 0.00000 0.00000 0.00000 0.033 

Mg Mg2 0.00000 0.25000 0.97580 0.867 

Ga Ga2 0.00000 0.25000 0.97580 0.100 

Ba Ba2 0.00000 0.25000 0.97580 0.033 

Mg Mg3 0.25000 0.12460 0.25000 0.617 

Ga Ga3 0.25000 0.12460 0.25000 0.345 

Ba Ba3 0.25000 0.12460 0.25000 0.033 

Mn Mn1 0.25000 0.12460 0.25000 0.005 

Ga Ga4 0.00000 0.12020 0.61860 0.5000 

Ge Ge4 0.00000 0.12020 0.61860 0.5000 

O O1 0.00000 0.25000 0.22000 1.0000 

O O2 0.00000 0.25000 0.72200 1.0000 

O O3 0.00000 0.99970 0.25300 1.0000 

O O4 0.25200 0.12700 0.99820 1.0000 
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Table 2.S4: Calculated bond lengths (Å) and average bond lengths (Å) in the following 

samples. 

Bond MAG MGG MAG: Mn4+, 

0.03Ba2+ 

MGG: Mn4+, 

0.1Ba2+ 

Mg1/Al1/Ga1-O4 2.05393 (×4) 2.09365 (×4) 2.05928 (×4) 2.10907 (×4) 

Mg1/Al1/Ga1-O3 2.05026 (×2) 2.10308 (×2) 2.06291 (×2) 2.11343 (×2) 

Avg. Mg1/Al1/Ga1-O  2.0527 2.09679 2.06049 2.110523 

Mg2/Al2/Ga2-O4 2.02968 (×4) 2.06868 (×4) 2.03508 (×4) 2.08418 (×4) 

Mg2/Al2/Ga2-O1 1.97895 2.02993 1.99116 2.03992 

Mg2/Al2/Ga2-O2 2.05674 2.10973 2.06943 2.12011 

Avg. Mg2/Al2/Ga2-O 2.025735 2.06906 2.03348 2.08279 

Mg3/Al3/Ga3-O4 2.04076 (×2) 2.09333 (×2) 2.05334 (×2) 2.10363 (×2) 

Mg3/Al3/Ga3-O1 2.04724 (×2) 2.08697 (×2) 2.05269 (×2) 2.10231 (×2) 

Mg3/Al3/Ga3-O3 2.02884 (×2) 2.06799 (×2) 2.03415 (×2) 2.0833 (×2) 

Avg. Mg3/Al3/Ga3-O 2.038946 2.08276 2.046726 2.09641 

Avg. Mg/Al/Ga-O  2.03913 2.08287 2.0469 2.09657 

Ge4/Al4/Ga4- O4 1.71151 (×2) 1.7413 (×2) 1.71887 (×2) 1.75852 (×2) 

Ge4/Al4/Ga4- O2 1.70941 1.75233 1.71421 1.75803 

Ge4/Al4/Ga4- O3 1.72538 1.76888 1.73116 1.77512 

Avg. Ge/Al/Ga- O 1.71444 1.75095 1.72077 1.76255 
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Chapter 3 

Compositionally engineered (Mg, Sr)3(Al, Ga)2GeO8: Cr3+ 

phosphors with tuned emission from ultra-sharp red to ultra-

broad NIR band for LEDs and in vitro cell imaging applications 
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3.1 Abstract 

Phosphor with deep red to near infrared emitting abilities have great application 

potentials in various fields. Here a multisite host capable of accommodating Cr3+ ions in 

different sites with different crystal field has been developed. Initially, a new Mg3Al2GeO8: 

0.01Cr3+ phosphor with ultra-sharp emission band peaking at 693 nm having full width at half 

maximum (FWHM) of around 4 nm has been developed. The composition consists of three 

phases orthorhombic-Mg3Ga2GeO8, orthorhombic-Mg2GeO4, and cubic-MgAl2O4. The 

emission intensity, as well as the FWHM of the phosphor, has been increased by the 

substitution of alkaline earth metal ions. The optimum Mg2.9Al2GeO8: 0.01Cr3+, 0.1Sr2+ 

exhibits three times greater emission intensity than that of Mg3Al2GeO8: 0.01Cr3+ sample. The 

additional [MgO6] sites contributed from the newly generated Sr impurity phase and the 

structural distortion in the Cr3+ occupied sites are responsible for the emission enhancement. 

In addition, a series of Ga3+ co-doped Mg2.9(Al2-yGay)GeO8: 0.01Cr3+, 0.1Sr2+ samples have 

been developed. The partial Ga3+ substitution weaken the crystal field environment in [GaO6] 

that occupy Cr3+ ions. The combined emission from the multiple sites with strong and weak 

crystal field environments resulted in a broadband emission (630 nm to 1050 nm) with an 

FWHM of ~150 nm that cover the first biological window region effectively. Hence, the 

developed phosphors are suitable for bio-imaging applications. Finally, various phosphor-

converted LEDs have been fabricated using commercial blue LEDs. The pc- LED produced by 

combining 410 nm LED with Mg2.9Al2GeO8: 0.01Cr3+, 0.1Sr2+ phosphor having 100% colour 

purity could be used for display application. While the 410 nm LED combined with 

Mg2.9(AlGa)GeO8: 0.01Cr3+, 0.1Sr2+ phosphor exhibited the potential for plant growth 

applications. Moreover, the NIR LEDs produced from Mg2.9(Al0.5Ga1.5)GeO8: 0.01Cr3+, 

0.1Sr2+ phosphor having increased FWHM can used for night vision surveillance. Finally, the 

bio-imaging studies were carried out using a highly intense sample. 

 

3.2 Introduction 

 The urge for highly efficient rare-earth free deep red-emitting as well as near infrared 

(NIR)-emitting phosphors has arisen owing to its application in various in vitro imaging, non-

destructive analysis, night vision technologies, lighting, display, medical imaging, sensors and 

security.1,2,3 Particularly, NIR-emitting phosphor-converted light-emitting diodes (pc-LEDs), 

which can be used in common smart optoelectronic devices, exhibit notable advantages over 



133 

 

traditional NIR light sources such as halogen lamps and tungsten-halogen lamps because of 

their low price, high efficiency, compactness, and portability.3 The broadband NIR emitting  

phosphors are highly suitable for bioimaging rather than the sharp emitting systems owing to 

the deep tissue penetration abilities that can cover several optical windows. However, sharp 

deep red-emitting phosphors have high color purity which are suitable for elevating the color 

gamut in display systems.4, 5,6 

 

Deep red to NIR range emission from the phosphors corresponds to the higher 

transmittance wavelength range of biological tissue (called biological optical window).2,7 

Nowadays, up-converted nanoparticles (UCN) are used for bioimaging since UNC can be 

excited by NIR photons which have excellent tissue penetration depth. However, the widely 

used NaYF4: Er3+, Yb3+ UCN for biomedical applications is not chemically stable and needs 

continuous pumping by NIR light, which can cause cell damage due to the generated heat by 

NIR photons. Also, the synthesis process of this composition is complicated.8,9,10 The uses of 

common rare earth activators including Pr3+, Nd3+, Tm3+, and Yb3+ are limited by their narrow-

band NIR emission and relatively poor absorption.3 Recently, Eu2+ , Bi3+ and Mn4+- based 

systems are also tried to explore, but these systems produce emission in the deep red regions 

and could not extend to the NIR region.3 

 

The Cr3+ -activated oxides, fluorides, and oxyfluorides can be considered as a better 

alternative for NaYF4: Er3+, Yb3+ UCN system. The occupancy of Cr3+ activated phosphors in 

a weak crystal field environment can produce emission ranging from 650 nm to 1200 nm.11,12 

In comparison with Mn4+ ions, Cr3+ ions in the d3 electronic configuration could exist in both 

weak and strong crystal field environments. In the strong crystal field environment, Cr3+ ions 

produce sharp emission (~ 700 nm) from the spin-forbidden 2Eg → 4A2g transition. While their 

occupation in the weak crystal field environment can lead to broadband emission (650 nm to 

1200 nm) due to the spin-allowed 4T2g → 4A2g transition.13  Compared to fluoride and sulphide 

phosphors, oxides are having greater advantages such as easy synthesis procedure and chemical 

stability.14 Also, the synthesis of some of the fluoride phosphors requires HF solutions (Cr3+-

activated Na3X2Li3F12 (X = Al, Ga, or In)) garnet phosphors).15 To date, different Cr3+ activated 

oxide phosphors are produced, and some of them are the suitable candidates for bio imaging 
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applications on account of its emission in deep-red to NIR region, good stability, efficiency as 

well as economic and eco-friendly preparation methods.  

 

The deep red to NIR emitting phosphors includes La3Ga5GeO14:Cr3+ (FWHM ~330 

nm),16,17 La2MgZrO6:Cr3+ (FWHM ~210 nm),11 NaScGe2O6:Cr3+ (FWHM ~162 nm),18 and 

ZnGa2O4: Cr3+ (FWHM~ 35 nm) phosphors.19,20 Among these, ZnGa2O4: Cr3+ phosphor gained 

attention owing to its persistence emission under UV excitation. Hence this phosphor has been 

efficiently used for in vivo bio imaging applications. However, the above phosphor shows less 

emission intensity under visible light excitation and the continuous UV exposure for bio 

imaging can cause damage in biological tissues. Meanwhile, the research focusing on the 

tuneable and excitation dependent deep red to NIR emitting phosphors are very less. The crystal 

field has a significant impact on the spin-allowed 4T2g → 4A2g transition (d-d transition) of Cr3+ 

ions. Hence, altering the local lattice environment via chemical unit substitution is one of the 

best method for tuning the PL properties.3 

 

The present work focused on the advantages of various sites present in Mg3Al2GeO8 

(MAG) sample for Cr3+ ions and efficiently altered the local environment of Cr3+ ions by 

chemical unit co-substitution. The above substitution led to increased emission intensity and 

enhanced FWHM of this sample. At first, novel MAG: Cr3+ samples were synthesized and PL 

emission intensity was enhanced by alkaline earth metal ions’ substitution. Later the FWHM 

of the sample were enhanced to ~150 nm from ~12 nm due to the efficient utilization of both 

strong and weak crystal field environment, respectively. Finally, the phosphors with various 

emission width were used for fabricating pc-LEDs with tuneable emission properties 

depending on the excitation wavelength of commercial LEDs. These fabricated pc-LEDs 

showed their potential for display and plant growth applications. 

 

3.3 Experimental 

3.3.1 Materials and Synthesis 

The following raw materials were used to produce the (Mg3-xSrx)(Al2-yGay)GeO8: 

0.01Cr3+ (x = 0.0 to 0.2, y = 0.0 to 0.15) phosphor compositions: MgO (99.99%), SrCO3 

(99.9%), Al2O3 (99.6%), Ga2O3 (99.9%), GeO2 (99.998%), and Cr2O3 (>99.9%) all of which 
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were acquired from Sigma-Aldrich. The raw materials were weighed and taken in a 

stoichiometric ratio for the synthesis of various compositions. In an agate mortar, these raw 

materials were combined with ethanol and ground for 30 minutes. After drying, white powder 

is obtained, which is warmed in an air furnace for two hours at 600 ºC before being sintered 

for 6 h at 1300 ºC with intermediate grinding. The heating rate used for calcination is 5 ºC /min. 

The finished powder is milled and used for additional characterisation after cooling. 

 

3.3.2 Sample characterization 

 The X-ray powder diffraction (XRD) of the prepared samples was carried out using the 

Malvern PANalytical B.V. EMPYREAN 3 diffractometer with Ni-filtered Cu-Kα radiation (λ 

= 1.54 Å) and Rietveld refinement analysis of the samples are carried out using the GSAS2 

software. The structural properties were determined using a high-resolution transmission 

electron microscope (HR-TEM), JEOL JEM-F200. The UV-Vis diffuse reflectance spectra 

(DRS) measurements were recorded using the Shimadzu UV-VIS-NIR spectrophotometer (UV 

3600). The photoluminescence (PL) excitation, emission and quantum yield (QY) were 

investigated using a Yvon Fluorolog 3 spectrofluorimeter having a 450 W Xenon irradiation 

source. The electroluminescence spectra (EL) of the phosphor-converted LEDs (pc-LEDs) 

were measured using the CCD spectrophotometer (Ocean Optics Maya 2000 Pro). 

 

3.3.3 In vitro cell imaging 

3.3.3.1 Culturing of cells 

Hela (Human cervical cancer cells) and HEPG2 cells (human hepato cellular 

carcinoma) were procured from National Centre for Cell Sciences (NCCS), Pune.  Cells were 

cultured in Minimum Essential Media (MEM, GIBCO) supplemented with 10% Fetal Bovine 

Serum (FBS, Gibco) and 1% antibiotic antimycotic solution 100X (with Penicillin, 

Streptomycin and Amphotericin B-Himedia) and incubated at 5% CO2 at 37 ºC in incubator.  

 

3.3.3.2 Assessment of cell viability 

Single cell suspension of HeLa and HepG2 were prepared and seeded in flat bottom 96 

well micro titre plates plates (1×104 cells/well) and were kept at 5 % CO2 & 37 ºC for 24 hours. 

Then, phosphor material was supplemented to the cells at variable concentrations ranging from 

0-100 µM in serum free culture medium and further incubated for 24 hours. Afterwards, the 

compound containing culture medium was removed and the wells were rinsed with PBS. MTT 

(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium) reagent (0.5 mg/mL) was prepared in 
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Hanks balanced Salt solution (HBSS) and added to each well including the untreated control 

wells and kept in dark for 4 hours. The insoluble formazan crystals formed were dissolved in 

DMSO and the absorbance (Abs) was measured colorimetrically at 570 nm in a multimode 

plate reader (Synergy H1, Biotek) (2). Percentage cell viability was calculated using the 

formula., 

                         % Cell viability = [Abs. sample/ Abs. control] x 100 

 

3.3.3.3 Cellular internalization studies 

          To evaluate the time dependent internalisation of the compound, HeLa cells were seeded 

in a flat bottom 96 well plate at a seeding density of 7x103 cells per well. After 24 hours of 

incubation, these cells were treated with a non-cytotoxic concentration (25 µM) of the 

compound for different time intervals like 1, 2, 3, 4 and 5 hours. After the corresponding 

incubation time, the wells were rinsed with PBS and visualised with the red channel filter 

(TRIT-C) of fluorescent microscope.  

 

3.4 Results and discussion 

3.4.1 Structural, compositional and morphological characterization  

 Fig. 3.1 (a) displays the Rietveld refinement of XRD patterns for the Mg3Al1.99GeO8: 

0.01Cr3+ (MAG: Cr3+) sample. In Fig. 3.1 (a), it is evident that the undoped MAG: Cr3+ sample 

is composed of three phases namely o-MGG (orthorhombic-Mg3Ga2GeO8), o-MGO 

(orthorhombic-Mg2GeO4) and c-MAO (cubic-MgAl2O4), which were used for the refinement 

process. The o-MGG phase is observed to be dominant, suggesting that MAG could be an 

analog of the o-MGG phase (Fig.3.1 (c)).21  
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Fig.3.1 Retvield refinement patterns of (a) MAG: Cr3+ and (b) MAG: Cr3+, 0.05Sr2+. (c) 

Representation of orthorhombic crystal structure for MAG sample and corresponding 

polyhedrons. (d) Bar diagram showing the variation in lattice parameter values and cell 

volume for sample 1 (MAG), Sample 2 (MAG: Cr3+) and Sample 3 (MAG: Cr3+, 0.1Sr2+). 

 

The lattice volume and lattice parameters are found to be increased after Cr3+ doping 

since the ionic radius of a Cr3+ ion in an octahedral site (0.615 Å) is slightly higher than that of 

an octahedral Al3+ ion (0.535 Å).  After adding 0.01 mol of Cr3+ doping, the lattice volume has 

increased from V = 534.06 Å to V = 534.53 Å. Some of the Cr3+ ions could have occupied the 

[MgO6] octahedrons also due to the ionic size of the octahedral Mg2+ ion (0.72 Å). Fig.3.1 (b) 

displays the Rietveld refinement of the Sr2+ co-doped Mg2.95Al1.99GeO8: 0.01Cr3+, 0.05Sr2+ 

(MAG: Cr3+, 0.05Sr2+) sample. In addition to the o-MGG, o-MGO, and c-MAO, a new 

monoclinic-SrMgGe2O6 (m-SMG) phase has been generated after Sr2+ co-doping. Herein, the 

larger Sr2+ ions might have replaced octahedral Mg2+ ions in the lattice. As a result, the lattice 

volume is observed to enhance from V = 534.53 Å to V = 538.05 Å. The variation in lattice 

parameter values and cell volume has been shown for the MAG, MAG: 0.01Cr3+ and MAG: 

0.01Cr3+, 0.05Sr2+ samples in Fig.3.1 (d).  
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More specifically, the increase in average [Mg/Al-O] bond length from 2.041 Å to 2.05 

Å due to Sr2+ co-doping clearly indicated the substitution of Sr2+ ions in to the octahedral Mg2+ 

sites. Such increase in average Mg/Al-O bond length values after 0.05Sr2+ ions substitution 

causes severe structural distortion in the host lattice by changing both the bond angle and bond 

length. A schematic representation of the above structural distortion in [(Mg/Al)O6] 

octahedrons after Sr2+ ions’ doping is shown in Fig.3.2 (a). Additionally, one new m-SMG 

phase is also generated. 

 

In Fig.3.2 (b), the XRD patterns for the different Sr2+ co-doped samples are displayed. 

The section of the XRD pattern between 2θ ~ 34 º to 38 º has been enlarged to show the shift 

towards the lower 2θ angle caused by the successful integration of Sr2+ ions in the Mg2+ sites 

[Fig.3.2 (c)]. However, some Sr2+ ions may not occupy Mg2+ sites, leading to the production 

of a new impurity phase known as m-SMG, as described earlier. This new phase could also 

contribute to the emission intensity since it is composed of [MgO6] octahedrons.22,23 

Interestingly, the increase in [Al-O] bond lengths after Sr2+ ions incorporation makes the Al3+
 

sites more favourable for Cr3+ due to the comparatively nearer ionic size of Al3+ ions.  
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Fig. 3.2 (a) Schematic representation of structural distortion in [(Mg/Al)O6] octahedrons after 

Sr2+ ions’ doping (b) The powder XRD patterns of MAG: 0.01Cr3+, xSr2+ (x = 0.0 to 0.15) 

samples and the (c) enlarged portion of the patterns between 2θ ~ 34 º to 38 º. 

 

 The HRTEM images of MAG: Cr3+, 0.1Sr2+, displayed in Fig.3.3 (a) and (b), represent 

various planes which might correspond to existing phases. The magnified version of a small 

portion of the HRTEM and its associated reduced FFT (r-FFT), as represented in Fig. 3.3 (a1) 

and (a11), respectively, estimates the interplanar distance ~ 2.56 Å, which probably 

corresponds to the (1 3 2) plane of the o-MGG phase (JCPDS 00-039-1108). Similarly, Fig. 

3.3 (a2) and (a3) highlighted the magnified zonal visuals of additional small portions of the 

HRTEM, and their corresponding r-FFT patterns are depicted in Fig. 3.3 (a22) and (a33), 
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respectively. From Fig.3.3 (a2) and (a22), the (3 1 1) plane corresponding to the c-MAO phase 

(JCPDS 01-086-0096) has been identified, and the associated d value is estimated to be 2.46 

Å. Likewise, the (3 0 1) plane of the o-MGO phase (JCPDS 01-078-2316) with a d value of 

2.81 Å has been identified from Fig.3.3 (a3) and (a33). Another scanned HRTEM image for 

the same sample is depicted Fig.3.3 (b), from which the m-SMG phase has been identified. A 

small area in Fig.3.3 (b) has been marked and its magnified version is given in Fig. 3.3 (b1) 

along with the reduced FFT in Fig.3.3 (b11), which confirmed the (0 0 2) plane of the m-SMG 

phase with d value 2.64 Å. Hence, all the four phases present in the MAG: Cr3+, 0.1Sr2+ sample 

has been identified since the obtained d values are in good agreement with theoretical values.11 

 

 

Fig.3.3 (a) and (b) HRTEM images of MAG: Cr3+, 0.1Sr2+ sample with a magnified version 

of four different regions and the corresponding reduced FFT. 

 

The EDX analysis was performed to further analyse the composition of the sample. The 

EDX spectra and atomic percentage of MAG: Cr3+, 0.1Sr2+ sample were shown in Fig.3.S1 (a). 

The atomic percentage of elements is found to be consistent with the stoichiometry of the 

sample. The elemental mapping of the TEM image (Fig.3.S1 (b)) shows the success in the Cr3+ 

doping and a uniform distribution of chemical elements.11  
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3.4.2 UV-Vis DRS and photoluminescence studies of MAG: Cr3+ and effect of alkaline 

earth metal ions’ substitution 

The UV-Vis DRS spectra for the undoped MAG, MAG: 0.01Cr3+ and various alkaline 

earth metal ions co-doped MAG: 0.01Cr3+, 0.1M2+ (M = Ca2+, Sr2+ and Ba2+) samples were 

collected and plotted in Fig.3.4 (a). The undoped MAG sample shows a dip around 250 nm 

due to the host absorption,24 which overlaps with the excitation band due to the 4A2 - 
4T1 (te

2) 

transition of Cr3+.24, 25 Due to the respective 4A2g → 4T1g and 4A2g → 4T2g
 electronic transitions 

of Cr3+, the Cr3+-doped samples exhibit strong absorption in the blue and green zones of the 

visible spectrum.26 In the Cr3+-doped samples, the dip in the UV region is found to be 

decreased, which might be due to the host-to-activator ions’ transition. Fig.3.4 (a) broadly 

indicates that the alkaline earth metal ions’ substitution could improve the absorption in the 

visible range, and the absorption is higher for MAG: Cr3+, 0.1Sr2+ sample. These results can be 

attributed to the reduction in the octahedral symmetry of [Mg/Al]O6 octahedrons due to the 

already discussed structural distortion in the XRD section after Sr2+ ions’ substitution (Fig. 

3.2(a)) The above distortions can relax the selection rules for 4A2g → 4T1g and 4A2g → 4T2g 

transitions of Cr3+ thereby increasing the visible absorption.27 

 

Further, the bandgap values have been calculated using Tauc’s plots,28 as shown in 

Fig.3.4 (b), and the bandgap values are found to be decreased after various alkaline earth metal 

ions substitution. This can be attributed to the lower electronegativity of the Sr2+, Ca2+ and Ba2+ 

compared to the Mg2+ ions.29. Meanwhile, the UV-Vis spectrum of the MAG: 0.01Cr3+, 0.1Sr2+ 

sample has also been compared with the ZnGa2O4: Cr3+ sample prepared through solid state 

method.1 Fig.3.4 (c) illustrates that the MAG: Cr3+, 0.1Sr2+ sample exhibits stronger absorption 

in the visible region compared to the ZnGa2O4: Cr3+ sample. Hence the MAG: Cr3+, 0.1Sr2+ 

phosphor can be excited effectively by the visible range rather than the UV range. 
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Fig. 3.4 (a) UV-Vis DRS spectra of the undoped MAG, MAG: Cr3+ and MAG: Cr3+, 0.1M2+ 

(M = Ca, Sr, Ba) and (b) Tauc’s plot for bandgap calculation (c) UV-Vis DRS spectra of 

MAG: Cr3+, 0.1Sr2+ and ZnGa2O4: Cr3+. 

 

 The PLE and PL emission spectra of MAG: 0.01 Cr3+ samples without and with various 

alkaline earth metal ions’ co-doping are shown in Fig.3.5 (a). The PLE spectra recorded for 

693 nm produce three broad excitation bands located around ~255 nm, ~400 nm, and ~555 nm, 

corresponding to the three different inner transition of d3 electronic configurations of Cr3+ ions, 

namely 4A2→
4T1 (4P), 4A2→

4T1 (4F) and 4A2→
4T2 (4F) transitions.30 Further, the sharp 

emission peak positioned at 693 nm can be attributed to the 2Eg → 4A2g transition of Cr3+ ions 

in [AlO6] octahedrons. Meanwhile, the peak at 687 nm is likely caused by the vibrational 

sidebands of the zero-phonon R-line, with phonon assistance.25 A simplified energy level 

diagram of a Cr3+ ion in d3 electronic configuration with the possible transitions are displays in 
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Fig.3.5 (b).25,31 Herein, Cr3+ ions are occupying in strong crystal field environment and the 

transition from the 2Eg state to 4A2g state results in sharp deep red emission (~ 693 nm). To 

confirm the emission from the various emission centres such as [Mg1/Al1-O6], [Mg2/Al2-O6] 

and [Mg3/Al3-O6] in MAG sample the PL emission spectra were recorded under 280 nm and 

it is shown in Fig.3.S2. Three different peaks positioning at 693 nm, 704 nm, and 740 nm can 

be attributed to the above three different emission centers.32,33 The PL emission intensity of 

MAG: Cr3+ sample is enhanced after various alkaline earth metal ions’ substitution (Fig.3.5 

(a)), among which the Sr2+ co-doped shows maximum emission intensity.  

 

Fig.3.5 (c) displays the PLE (λem: 693 nm) and PL (λex: 400 nm) spectra of different 

Sr2+ co-doped MAG: Cr3+, 0.1Sr2+ (x = 0.0 to 0.2) samples. The emission intensity is found to 

be enhanced after Sr2+ ions’ incorporation and it is maximized for x = 0.1. The emission 

intensity variations under blue (400 nm) and green (555 nm) excitations as a function of various 

Sr2+ concentrations are depicted in Fig.3.5 (d). The increase in emission intensity can be 

attributed to the structural distortions (Fig.3.2 (a)) that occurred in the [(Mg/Al)O6] 

octahedrons after larger ionic substitution as explained during interpreting the XRD results. 

The spectroscopic properties of the transition metal ions having d3 electronic configurations 

are largely determined by the lattice properties of the surrounding environment. Hence, the 

lattice distortion in the [Mg/Al-O6] octahedrons can relax the optical transition selection rule 

including 2Eg → 4A2g transition of Cr3+ leading to enhanced emission.27 Other possible reasons 

are the improved crystallinity and greater Cr3+ ions’ absorption (Fig.3.4 (a)). Hence, Cr3+ ions 

are situated in a stable and rigid octahedral environment with enhanced covalency due to Sr2+ 

ions’ substitutions, which elevate Cr3+ luminescence intensity.34 As previously discussed in the 

structural section, the introduction of Sr2+ ions in Mg2+ sites produces a new phase m-SMG. 

This new phase creates more [MgO6] sites for Cr3+ ions to occupy, resulting in a stronger 

emission intensity.  
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Fig.3.5 (a) PLE (λem: 693 nm) and emission (λex: 400 nm) spectra of alkaline earth metal ions 

co-doped MAG: 0.01Cr3+, 0.1 M2+ (M = Ca2+, Sr2+, and Ba2+) samples. (b) simplified energy 

level diagram of Cr3+ ions in d3 electronic configuration (strong crystal field environment) (c) 

PLE (λem: 693 nm) and emission spectra (λex: 400 nm) of MAG: 0.01Cr3+, xSr2+
 (x = 0.0 to 

0.13) (d) Bar diagram showing the variation of PL emission intensity under blue and green 

excitation. 

 

 To check the performance of the optimized Sr2+ codoped MAG: 0.01Cr3+, 0.1Sr2+ 

sample, its PLE and PL spectra are compared with the well-known ZnGa2O4: 0.01Cr3+ sample. 

The PLE and PL emission spectra of MAG: 0.01Cr3+, 0.1Sr2+ and ZnGa2O4: Cr3+ samples are 

displayed in Fig.3.6 (a) and Fig.3.6 (b), respectively, where MAG: 0.01Cr3+, 0.1Sr2+ exhibits 

greater excitation intensity in the entire visible region ranging from 350 nm to 650 nm 

compared to ZnGa2O4: 0.01Cr3+. Meanwhile, MAG: 0.01Cr3+, 0.1Sr2+ sample exhibits two 

folds’ greater emission intensity than the ZnGa2O4: Cr3+ upon 400 nm excitations. Moreover, 

MAG: 0.01Cr3+, 0.1Sr2+ sample exhibits broader emission width that covers the first biological 

window region more efficiently in comparison with the ZnGa2O4: Cr3+ phosphors. The above 

results suggest the efficiency of the MAG: Cr3+, 0.01Cr3+ for bio imaging applications. 
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Fig. 3.6 The (a) PLE (λem: 693 nm) and (b) emission spectra of the MAG: Cr3+, 0.1Sr2+ and 

ZnGa2O4: 0.01Cr3+ sample.  

 

3.4.3 Structural properties of Ga3+ co-doped MAG: Cr3+, 0.1Sr2+, yGa3+ samples 

The XRD patterns of various Ga3+ co-doped samples are shown in Fig.3.7 (a). Here, 

the XRD peak positioned at 36.4 º corresponding to the o-MAO phase is found to be shifted 

towards the lower 2θ side due to higher ionic radii of Ga3+ ions compared to Al3+ ions. 

Furthermore, an incomplete phase transition from the co-existing c-MAO to cubic-MgGa2O4 

[space group: Fd3m, JCPDS 00-010-0113] is observed after partial Ga3+ to Al3+ ionic 

substitutions. The above phase transition from c-MAO to cubic-MgGa2O4 is clearly observed 

in Fig.3.7 (b). Hence additional [GaO6] sites are developed after Ga3+ co-doping. After Ga3+ 

ions’ incorporation, many of the [Mg1/Al1-O6], [Mg2/Al2-O6] and [Mg3/Al3-O6] octahedrons 

might have transformed into [Mg1/Ga1-O6], [Mg2/Ga2-O6] and [Mg3/Ga3-O6] octahedrons 

associated to the above phase transitions.   

 

The EDAX spectrum shown in Fig.3.S3 and elemental mapping represented in Fig. 3.7 

(c) identifies the presence of all elements in MAG: Cr3+, 0.1Sr2+, 1.5 Ga3+ sample. Further, the 

TEM image depicts particles of irregular morphology ranging in 20 nm - 500 nm range (Fig.3.7 

(c)). To confirm the presence of the cubic-MgGa2O4 phase, the HRTEM analysis were also 

carried for the MAG: Cr3+, 0.1Sr2+, 1.5 Ga3+ sample. The lattice plane corresponding to the 

cubic-MgGa2O4 phase were identified and depicted in Fig.3.7 (d). From this figure, the 

interplanar distance is calculated to be 2.92 Å, which is corresponds to the (2 2 2) plane of 

cubic-MgGa2O4 (JCPDS 00-010-0113). The corresponding reduced FFT pattern for the above 

plane is shown in the inset of Fig.3.7 (d), which is also confirmed the (2 2 2) plane.  
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Fig.3.7 (a) Powder XRD patterns of MAG: Cr3+, 0.1Sr2+, yGa3+ (y = 0.0 to 1.5) samples and 

(b) enlarged portion of XRD pattern from 35.5 º to 37 º. (c) TEM image and EDX elemental 

mapping of various elements in MAG: Cr3+, 0.1Sr2+, 1.5Ga3+ sample. (d) HRTEM image 

showing the lattice planes of MAG: Cr3+, 0.1Sr2+, 1.5 Ga3+ sample and the r-FFT of a small 

portion. 

 

3.4.4 UV-Vis DRS and photoluminescence of Ga3+ co-doped MAG: Cr3+, 0.1Sr2+, yGa3+ 

samples 

 Fig.3.8 (a) displays the UV-Vis DRS spectra of various Ga3+ co-doped MAG: Cr3+, 

0.1Sr2+, yGa3+ (y = 0.0 to 1.5) samples. A clear shift towards the higher wavelength region is 
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observed after Ga3+ ions’ incorporation. The shift associated with the increase in Ga3+ content 

can be attributed to the weakening of the crystal field. 26  

 

To accomplish higher FWHM and to increase the emission towards the NIR region, 

weak crystal field environment has been generated purposefully in the host lattice along with 

the existing strong crystal field environment. This targeted tailoring of the crystal field 

environment has been achieved by the partial incorporation of Ga3+
 ions in Al3+ sites. Fig.3.8 

(b) shows the PLE (λem: 693 nm) and PL emission spectra (λex: 400 nm) of MAG: Cr3+, MAG: 

Cr3+, 0.1 Sr2+, and various Ga3+ co-doped MAG: Cr3+, 0.1Sr2+, yGa3+ samples. The peak at 687 

nm corresponding to the o-MAO phase is found to be disappearing at higher concentrations of 

Ga3+ ions (y > 1), and a new peak around 703 nm is observed might be due to the formation of 

cubic-MgGa2O4 phase at higher concentration as disused in structural part.35,36    

 

To exploit the different emission peaks corresponding to various sites, the emission 

spectra were also recorded under 450 nm excitations, and it is shown in Fig.3.8 (c) separately. 

The PL emission spectra under 450 nm excitation show different emission behaviour than that 

recorded under 400 nm shown in Fig.3.8 (b). The result indicates the larger contribution of 

Ga3+ ionic sites since the 450 nm excitation is capable of exciting Cr3+ ions occupying both 

Ga3+ and Al3+ sites with weaker crystal fields more effectively compared to 400 nm. From the 

UV-Vis DRS spectra (Fig.3.8 (a)), a clear red shift has been observed in Ga3+ co-doped 

samples, which mainly illustrates the increased absorption in the higher wavelength regions of 

blue and green. Similarly, the PLE peak (Fig.3.8 (b)) in the blue region (4A2→
4T1 (4F)) has 

been enlarged from 470 nm to 490 nm with Ga3+ ions’ co-doping. Fig.3.8 (b) also illustrates 

that the emission from the Ga3+ co-doped samples shows higher FWHM compared to that of 

the MAG: Cr3+, 0,1Sr2+ sample, and it is extended to the NIR region. The increased FWHM 

can be attributed to the generation of multiple sites and the existence of a weak crystal field 

environment due to Ga3+ ions’ incorporation. Precisely, the crystal field strength (10Dq), that 

is the energy level difference between the 4A2g and 4T2g can be estimated using the following 

equation.37 

10Dq = K/Rn                                                               (1) 
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where R is the bond length between the cation and the ligand, while n and K are the fitting 

parameters. The value of power ‘n’ depends on the nature of ligands, and the geometry of the 

complex, and varies depending upon the systems. 

 

Since the crystal field strength is inversely proportional to bond length, the substitution 

with higher ionic sized Ga3+ ions into Al3+ sites with relatively lower size might have reduced 

the crystal field strength and led to the formation of a weak crystal field environment. This 

could result in a broader band emission. Moreover, the observed broad emission peak (4A2 → 

4T2) (Fig.3.8 (b)) is red-shifted from 703 nm to 708 nm due to the further increase in Ga3+ ions’ 

co-doping. Since the Ga3+ ions’ co-doping in Al3+ sites decreases the crystal field strength (Dq) 

in the vicinity of Cr3+ ions and decreases the energy of 4T1g and 4T2g states for the ground state 

4A2g.
13  

The corresponding energy level diagram showing the emission from both strong and 

weak crystal field environments and lowering of 4T1 and 4T2 state is shown schematically in 

Fig.3.8 (e). It is worth noting that in octahedral coordination, Cr3+ takes the place of Al3+, Ga3+, 

and Mg2+ ions. Additionally, the strength of the crystal field experienced by the ion (i.e. 

whether it is strong, intermediate, or weak) is highly dependent on the crystal field environment 

of the host lattice.25 The Ga3+ ions provide a weak crystal field environment and result in 

broadband emission. After Ga3+ incorporation many of the Mg1/Al1, Mg2/Al2 and Mg3/Al3 

sites translate into Mg1/Ga1, Mg2/Ga2 and Mg3/Ga3. A new phase of cubic-MgGa2O4 also 

formed as seen in the structural part with [GaO6] octahedrons. Hence the multiple site 

occupancy after Ga3+ co-doping is also responsible for the higher FWHM and broad emission 

peaks. 

The FWHM of the MAG: Cr3+ sample under 400 nm excitation is 4 nm and it is 

enhanced to 80 nm for MAG: Cr3+, 0.1Sr2+, 1.5Ga3+ sample. Meanwhile, under 450 nm 

excitation the FWHM of the emission peaks are relatively much higher since these excitations 

could efficiently exploit almost all possible octahedral sites of the hosts such as [MgO6], 

[AlO6], and [GaO6] sites. The variation of PL emission intensity and FWHM as a function of 

Ga3+
 ion concentration under different excitations are represented in Fig.3.8 (d). The FWHM 

of the MAG: Cr3+ under 450 nm excitation is ~10 nm and it is enhanced to ~150 nm for MAG: 

Cr3+, 1.5Ga3+. Compared to ZnGa2O4: 0.01Cr3+ the Ga3+-codoped samples are excitable with 
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450 nm and these LEDs are relatively cheap. Hence the Ga3+-codoped MAG: Cr3+, 0.1Sr2+ 

samples are economical in their commercial purpose.  

 

 

Fig.3.8 (a) UV-Vis spectra of MAG: Cr3+ and MAG: Cr3+, 0.1Sr2+, xGa3+ (x = 0.0 to 0.15) 

samples (b) PLE (λem: 693 nm) and emission (λex: 400 nm) spectra of MAG: Cr3+ and MAG: 

Cr3+, 0.1Sr2+, xGa3+ (x = 0.0 to 0.15) samples and the corresponding (c) emission spectra 

under 450 nm excitation. (d) Graph showing the variation of FWHM and emission intensity 

for different Ga co-doped samples under different excitations. (e) Energy level diagram of 

Cr3+ ions in d3 electronic configuration showing emission from both weak and strong crystal 

field environments. 

 

3.4.5 Temperature-dependent PL emission  

Temperature-dependent PL emission spectra of MAG: Cr3+, 0.1Sr2+ and MAG: Cr3+, 

0.1Sr2+, 1Ga3+ samples were recorded under 410 nm excitation by varying the temperature from 

298 K to 433 K, and the results are shown in Fig.3.9 (a) and (c), along with the corresponding 

contour plots represented in Fig.3.9 (b) and (d), respectively. 
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The PL emission intensity of both the samples peaking at 693 nm (2Eg → 4A2g) and that 

of the broadband emission of MAG: Cr3+, 0.1Sr2+, 1.0Ga3+ (4T2 →
4A2) are decreased with 

increasing temperature. However, the Stokes and anti-Stokes bands of MAG: Cr3+, 0.1Sr2+ 

show different emission behaviour with the temperature elevation. The Stokes bands at 693 nm 

(P1) and 687 nm (P2) are found to decrease with increasing temperature, whereas the anti-

Stokes band at 675 nm (P3) is reduced. Wang et al. reported a similar kind of emission 

behaviour at higher temperatures for Zn3Ga2Ge2O10: Cr3+.38 The decrease in the anti-Stokes 

band can be attributed to the participation of more restricted phonon vibrations at higher 

temperatures. Also, the intensity ratio of the anti-Stokes sideband to the Stokes vibronic side 

band should agree with Boltzmann’s law. At higher temperatures, the anti-Stokes sideband 

may become more intense as the population is lost from the Stokes sideband due to thermal 

depopulation. This happens as the system reaches thermal equilibrium.39 The above contrasting 

behaviour of the Stokes and anti-Stokes bands is highly beneficial for thermometry 

applications.24, 40 Moreover, a slight red shift is observed while increasing the temperature, 

which is shown in the inset of Fig.3.9 (a) and (c). This shift is in accordance with the Varshini 

equation mentioned elsewhere.41 

 

The variation of emission intensity of different peaks as a function of temperatures for 

both the samples are depicted in the insets of Fig.3.10 (a) and (b).  At 423 K, the 2Eg → 4A2g 

transition of Cr3+ ions in MAG: Cr3+, 0.1Sr2+ sample could retain 69 % of its room temperature 

intensity. Meanwhile the 2Eg → 4A2g and 4T2 →
4A2g transitions of Cr3+ ions in MAG: Cr3+, 

0.1Sr2+, 1.0Ga3+ samples are also exhibited 74 % at 423 K of the room temperature intensity. 

Hence the Ga3+ ions’ co-doping makes some elevation in the thermal stability. The Arrhenius 

plots,42 drawn for MAG: Cr3+, 0.1Sr2+ and MAG: Cr3+, 0.1Sr2+, 1.0Ga3+ samples are shown in 

the insets of Fig.3.10 (a) and (b), respectively. The activation energy for the MAG: Cr3+,0.1Sr2+ 

sample is calculated to be 0.23 eV. Meanwhile the activation energies for the 2Eg → 4A2g and 

4T2 →
4A2g transitions of Cr3+ ions in MAG: Cr3+, 0.1Sr2+, 1.0Ga3+ sample are found to be Ea1 

= 0.2 eV and Ea2 = 0.18 eV, respectively 

. 

The thermally excited electrons in the MAG: Cr3+, 0.1Sr2+ sample could reach the 

intersection point of 4A2g and 2Eg (cross-over point) and relax to the ground state (4A2g) non-

radiatively. The increase in the non-radiative transition leads to a decrease in emission intensity 
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in the case of MAG: Cr3+, 0.1Sr2+. There will be two cross-over points in the case of MAG: 

Cr3+, 0.1Sr2+, Ga3+ due to the intersection of (i) 4A2g and 2Eg and (ii) 4A2g and 4T2g. The 

corresponding configuration coordinate diagram representing the above two cross-over points 

has been shown in Fig. 3.10 (c). 12, 43 The thermal stability is found to be enhanced after Ga3+ 

ions’ incorporation due to the multiple site occupancy of Cr3+ ions. The energy transfer process 

from one excited state to another reduces the non-radiative transitions from the cross-over 

points. Hence the multisite occupancy enables higher thermal stability in Ga3+ co-doped 

samples.44, 45  

The emission intensity of various reported phosphors at 423 K is shown in Fig. 3.10 

(d). These reported values are comparable with the thermal stability of MAG: Cr3+, 0.1Sr2+ and 

MAG: Cr3+, 0.1Sr2+, 1Ga3+ samples. Further, the Internal quantum efficiency (IQE) values of 

the above samples are found to be 95 % and 92 %, respectively. These IQE values are found 

to be higher compared to the reported samples, as shown in Fig. 3.10 (d). 

  

Fig. 3.9 Temperature-dependent PL emission spectra of (a) MAG: Cr3+, 0.1Sr2+ and 

corresponding (b) contour plot. Temperature-dependent PL emission spectra of (c) MAG: 

Cr3+, 0.1Sr2+, 1.0Ga3+, and (d) corresponding PL plot. 
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Fig. 3.10. Plots of normalized emission intensity vs temperature and Arrhenius plots for the 

samples (a) MAG: Cr3+, 0.1Sr2+ and (b) MAG: Cr3+, 0.1Sr2+, 1Ga3+.  (c) Configuration 

coordinate diagram for activation energy calculation (d) The comparison of luminescence 

thermal stability at 423 K and internal quantum efficiency (IQE)15,44,46,47,48,49 

 

3.4.6 Phosphor-converted LEDs for display, plant growth, and night vision surveillances 

 To gauge the effectiveness of the newly created phosphors with different emission 

width and ranging from deep red to NIR, a series of LEDs that have deep red to NIR light 

emitting properties were fabricated by pairing the respective phosphors with commercial 410 

nm and 450 nm LEDs. The excitation-dependent emission properties of these phosphors due 

to vast absorption ranges enabled the production of multiple pc-LEDs having various emission 

ranges and FWHM.  
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Fig.3.11 (a) displays the electroluminescence (EL) spectrum of the pc-LED fabricated 

using the MAG: Cr3+, 0.1Sr2+ phosphor with a 410 nm LED. Here the FWHM of the fabricated 

red LED is found to be as narrow as ~ 12 nm. This ultra-sharp red emission has a color purity 

of 100 %. Further, the CIE value of the red LED is (0.63, 0.37), which is very close to the 

National Television Standard Committee (NTSC) CIE value for an ideal red phosphor (0.67, 

0.33).50,51 The corresponding CIE diagram of the developed LED is represented in the insets 

of Fig.3.11 (a).  

 

Further, the Ga3+ co-doped MAG: Cr3+, 0.1Sr2+, Ga3+ sample has also been combined 

with the 410 nm LED for indoor plant growth applications. The corresponding EL spectra and 

the captured image for the above-fabricated LED are shown in Fig.3.11 (b). This figure 

indicates the overlapping of absorption peaks an important pigment in plant (Pfr) with the 

fabricated pc-LED emission peaks.52 Since, this pigment is very crucial for the plant growth, 

hence, the developed LED can be effectively used for indoor plant cultivations. 

 

 

Fig.3.11 (a) The EL spectrum of the fabricated LED for display application by combing 410 

nm LED with MAG: Cr3+, 0.1Sr2+. (b) The EL spectrum of the fabricated LED for plant 

growth application by combing 410 nm LED with MAG: Cr3+, 0.1Sr2+, 1.0Ga3+. 
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Meanwhile, the MAG: Cr3+, 0.1Sr2+, 1.5Ga3+ sample having higher FWHM in the deep 

red to NIR region has been used for the NIR pc-LED fabrication. The above phosphor has been 

combined with 410 nm LED and 450 nm LED separately, and two different NIR LEDs have 

been fabricated and denoted as NIR pc-LED1 and NIR pc-LED2, respectively. The 

corresponding EL spectra and LED images are shown in Fig.3.12 (a) and (b). The NIR pc-

LED2 fabricated using 450 nm commercial LED and MAG: Cr3+, 0.1Sr2+, 1.5Ga3+ sample 

exhibits a FWHM as broad as 151 nm with an the emission spectrum is ranging from 630 nm 

to 1050 nm. Meanwhile, the NIR pc-LED1, made with a 410 nm LED exhibits an FWHM of 

132 nm. Hence the MAG: Cr3+, 0.1Sr2+, 1.5Ga3+ composition is capable of producing ultra-

broad emitting NIR pc-LEDs. The power-dependent studies have also been carried out for the 

above two LEDs by varying the LED power from 600 mW to 1200 mW (Fig. 3.12 (a) and 

(b)). When the pumping power is increased, the EL intensity also increases significantly. This 

is because the enhanced current drives more electrons from the ground state to the excited state, 

which increases the population of the 2Eg and 4T2g states of Cr3+ ions in MAG: Cr3+, 0.1Sr2+, 

1.5Ga3+. Meanwhile, no saturation effect is observed even at high powers, which indicates the 

potential of these phosphors for high-power LED applications. 

 

The pictures of an Institutional logo and a QR code were captured under the indoor 

light, and it is shown in Fig. 3.12 (c). The same images are also taken under the developed NIR 

pc-LEDs and it is shown in Fig. 3.12 (d). The logo and QR code are visible in the glow of the 

fabricated NIR pc-LEDs. The QR code can be scanned from the recorded image using NIR pc-

LED, which can be read out as “CSIR NIIST”. Hence the developed NIR LEDs exhibit 

potential applications in night vision surveillance also.  
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Fig. 3.12 EL spectra of (a) NIR pc-LED1 (fabricated using 410 nm LED with MAG: Cr3+, 

0.1Sr2+, 1.5Ga3+) and (b) NIR pc-LED2 (fabricated using 450 nm LED with MAG: Cr3+, 

0.1Sr2+, 1.5Ga3+). Images of CSIR NIIST logo and QR code (c) under indoor light and (d) 

under fabricated NIR LEDs. 

 

3.4.7 in vitro cell imaging 

 Here, we have used the high-intense MAG: Cr3+, 0.1Sr2+ phosphor for the cell imaging 

application. It is crucial to analyse the effect of the test material on cell viability before going 

for any vitro assays.  MTT study portrays the extend of cellular metabolic response and thereby 

measuring the rate of cell proliferation.53 Here, we analysed the effect of MAG: Cr3+, 0.1Sr2+ 

on the proliferation of HeLa cells. Upon 24 h of incubation, even the higher concentration of 

100 µM retained above 80 % cell viability in both the cell lines (Fig. 3.13 (a) and (b)) depicting 

the appropriateness of the compound for in vitro studies. Initial concentrations of 1 µM to 10 

µM of MAG: Cr3+, 0.1Sr2+ was found to exhibit 100 % cell viability. Considering the cytotoxic 

pattern, we have selected 25 µM concentration with a cell viability above 95 %, for further 

studies. Fig. 3.13 (c) represents the cellular uptake of MAG: Cr3+, 0.1Sr2+ by HeLa cells after 
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5 h incubation. The bright field image and fluorescent image are captured after treating the 

HeLa cells with 25 µM concentration of the MAG: Cr3+,0.1Sr2+ compound after 5h incubation. 

The compound is found to be internalised in the cells. 

 

 

 

Fig. 3.13 Effect of MAG: Cr3+, 0.1Sr2+ on cell viability of (a) HeLa cells and (b) HepG2 

cells. (c) Cellular uptake of MAG: Cr3+, 0.1Sr2+ by HeLa cells. 

 

Subsequently, the time dependent internalisation study was conducted by tracking the 

fluorescence from the cells. After treating the HeLa cells with 25 µM concentration of the 

MAG: Cr3+,0.1Sr2+ compound for varying time points from 1 hour to 5 hours, it was noticed 

that the compound started to get internalized only after 2 hours. A noticeable fluorescence from 

the cells was able to get from 3 hours with the maximum intensity gained at 4 and 5 hours of 

incubation (Fig. 3.14). It was also perceptible that only the smaller sized particles were cell 

permeable whereas the larger particles retained on the background were removed upon PBS 

wash. Thus, it was concluded that the preparation methodology can be modified so as to get 

the uniform sized particles of sized below 200 nm for better cellular internalization.54 
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Fig. 3.14 Time dependent internalisation of MAG: Cr3+, 0.1Sr2+ by HeLa cells. 

 

3.5 Conclusions 

A novel Mg3Al2GeO8: 0.01Cr3+ phosphor developed with ultra-sharp band emission 

peaking at 693 nm having a full width at half maximum (FWHM) of around 4 nm. Further the 

emission intensity and FWHM of the phosphor increased alkaline earth metal ions’ substitution 

in Mg2+ sites. The Mg2.9Al2GeO8: 0.01Cr3+, 0.1Sr2+ sample showed three times greater 

emission intensity than the Mg3Al2GeO8: 0.01Cr3+ sample and the FWHM increased to ~12 

nm. The structural distortion in the Cr3+ occupied sites and the additional [MgO6] sites from 

the newly generated Sr impurity phase are responsible for the emission enhancement. The 

Mg3Al2GeO8: 0.01Cr3+, 0.1Sr2+ sample showed greater emission intensity than the well-known 

ZnGa2O4: Cr3+ sample under 400 nm excitation, showing its efficiency for bioimaging 

applications.  Meanwhile, different Ga3+ co-doped Mg2.9(Al2-yGay)GeO8: 0.01Cr3+, 0.1Sr2+ (y 

= 0, 0.5, 1, 1.5) samples developed and the partial Ga3+ substitution reduced the crystal field 

strength and created weak crystal field environment [GaO6] suitable for Cr3+ ions to occupy. 

The combined emission from the strong and weak crystal field environment resulted in a 

broadband emission (630 nm to 1050 nm) with an FWHM of 148 nm covering the first 

biological window region effectively. Hence, the developed phosphors are suitable for bio-

imaging applications. Finally, various phosphor-converted LEDs were fabricated using 

commercial 410 nm and 450 nm LEDs. The sharp red emitting LED produced by combining 

410 nm LED with Mg2.9Al2GeO8: 0.01Cr3+, 0.1Sr2+ phosphor having 100% colour purity can 

be used for display application. The 410 nm LED combined with Mg2.9(AlGa)GeO8: 0.01Cr3+, 

0.1Sr2+ phosphor can be used for plant growth application since the absorption range of 
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phytochrome Pfr matches well with the emission range of the developed LED. Moreover, the 

NIR LEDs produced from Mg2.9(Al0.5Ga1.5)GeO8: 0.01Cr3+, 0.1Sr2+ phosphor having increased 

FWHM can be used for night vision surveillance. Finally, the bio-imaging studies were carried 

out using a highly intense sample. 

 

3.6 Supporting information 

 

Fig.3.S1 (a) The EDX spectra and (b) EDX elemental mapping of Mg, Sr, Al, Ge, O and Cr 

for MAG: Cr3+, 0.1Sr2+ sample. 

 

Fig.3.S2 PL emission spectra of MAG: Cr3+ sample for under 280 nm excitation. 
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Fig.3.S3. The EDX spectra of MAG: Cr3+, 1.5 Ga3+, 0.1Sr2+ sample showing the presence of 

Mg, Al, Ge, Ga, Sr and Cr elements in the sample. 
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4.1 Abstract 

Initially, a self-activated Sr2Zr(SiO3)4 phosphor is developed by substituting Sr2+ for 

Ca2+ in the reported Ca2Zr(SiO3)4. XRD pattern of the synthesized Sr2Zr(SiO3)4 crystal 

matches with m-Sr3Y2Si6O18 having a cyclosilicate structure. This discovery led to the 

development of a novel self-activating cyan-emitting persistent luminescence Sr2Zr2(SiO3)6 

phosphor. The XRD analysis identified the presence of a secondary orthorhombic-Sr3Zr2O7 

phase, along with some impurity peaks from precursor materials. The various phases and 

corresponding planes in the host lattice were confirmed from the HRTEM analysis. Under 284 

nm excitation, the PL emission of the host exhibited broadband centred at 485 nm, originating 

from the Zr4+ ions and lattice defects. Additionally, the host shows a cyan persistent 

luminescence having a duration of 60s.   The addition of NH4Cl flux enhances persistent 

luminescence intensity and duration of the host material (>60s). Bi3+ doping and post-annealed 

vacuum treatment increased the oxygen vacancy compared to Sr2Zr2(SiO3)6: 12wt% NH4Cl 

phosphor, as evidenced by the XPS analysis. After Bi3+ incorporation, an additional PL band 

centered at 620 nm is observed due to the oxygen-vacancy-induced electronic localisation 

around the Bi3+ ions. The optimised vacuum-treated Sr2Zr2(SiO3)6: 12wt% NH4Cl, 0.02Bi3+
 

phosphor exhibits enhanced persistent luminescence intensity and duration (90s) due to the 

presence of additional shallow traps. The vacuum-treated phosphor has been used for dynamic 

anticounterfeiting application by mixing with the red-emitting Mg3Al2GeO8: 0.005 Mn4+, 

0.27Ba2+ phosphor. Vacuum-treated Sr2Zr2(SiO3)6: 12wt% NH4Cl, 0.02Bi3+ is the first cyan 

emitting rare earth-free persistent luminescence phosphor used for anticounterfeiting and 

security ink applications. Furthermore, Sr2Zr2(SiO3)6: 12wt% NH4Cl/Mg3Al2GeO8: 0.005 

Mn4+, 0.27Ba2+ mixture is used to develop a plant growth LED, covering the absorption 

spectra of plant phytochrome (Pr) and chlorophylls. 

 

4.2 Introduction 

 Persistent luminescence (PersL), also known as long-lasting luminescence or 

afterglow, is an optical phenomenon that continues for seconds to days after the cessation of 

optical excitation.1–4 The long-lasting luminescence is possible due to the storage of excitation 

energy in trap centers (defects in the host lattice), which can be released by external thermal 

stimuli. Owing to their unique optical properties, materials exhibiting persistent luminescence 

find diverse applications in optical bioimaging, security and anticounterfeiting measures, 
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optical information and data storage, photocatalysis, latent fingerprint recognition, and light-

emitting diodes.4–11 

 

 The presently available commercial PersL phosphors are SrAl2O4: Eu2+, Dy3+ (green) 

12, CaAl2O4: Eu2+, Nd3+ (blue) 12, and Y2O2S: Eu3+, Ti3+, Mg2+ (red) 13. However, these PersL 

materials have some drawbacks, such as low moisture resistance of aluminates and poor 

stability of sulphides.14 Therefore, it is essential to develop and characterize novel PersL 

phosphors to understand their intriguing applications. The most commonly used oxide hosts 

for achieving PersL include aluminates, silicates, germanates, gallates, and phosphates.12,15–20 

Among these, silicates are particularly noteworthy due to their easy preparation, excellent 

stability, high brightness, long PersL duration, and adjustable luminous emission color, 

making them a focus of significant interest.15 The most renowned persistent luminescent 

silicate is the blue-emitting Sr2MgSi2O7:Eu2+,Dy3+, first reported by Lin et al., with an PersL 

lasting over 10 hours.21 Another notable example is Ba2MgSi2O7: Eu2+,Tm3+, which emits 

green light and has an PersL exceeding 5 hours.22,23 The family of alkaline earth akermanites 

materials M2MgSi2O7 (M = Ca, Sr, Ba) are among the most extensively studied persistent 

luminescent silicates.24 These materials are frequently used as models for explaining PersL 

mechanisms. PersL materials typically use rare-earth cations such as Eu2+, Ce3+, Tb3+, Nd3+, 

and Tm3+ as luminescent centers.25 Due to the limited abundance of rare-earths, there has been 

significant interest in non-RE bismuth-activated phosphors, which exhibit intriguing optical 

properties and have potential applications in optical information storage, anticounterfeiting 

measures, biomedical imaging, x-ray imaging, stress sensing, and photocatalysis.25 Bi3+-

activated phosphors have garnered attention for their ability to emit flexible colors under 

ultraviolet (UV) and near-ultraviolet excitation. Bi3+ ions can serve as multicolor luminescent 

centers by adjusting the crystal field, valence state and introducing structural defects into the 

host. Bi3+ has a 1S0 ground state derived from the 6s2 configuration, with a singlet 1P1 excited 

state and triplet 3P0, 
3P1, and 3P2 excited states derived from the 6s6p configuration. The strong 

absorption bands in the UV region correspond to the spin-allowed transitions from the 1S0 

ground state to the 3P1 and 1P1 excited states, while the emission of Bi3+ is attributed to the 3P1 

→ 1S0 transition. The outer 6s electrons of Bi3+ are highly sensitive to the crystal field of the 

host material.25 Li et al. reported a super-long PersL material based on BaGa2O4:Bi3+ with an 

PersL duration of 7 days.26 Due to the rigid host network and defects introduced by doping, 

this material exhibits strong resistance to thermal quenching and superlong PersL. The orange-
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red-emitting phosphor is employed in the development of a white LED with a high color 

rendering index (>90). Recently,  Yuan et al. reported a new cyan emitting persistent 

BaLu2Al2Ga2SiO12:Ce3+, Bi3+  phosphors for AC-LEDs via defect modulation.11 Various Bi3+-

activated PersL materials, such as Na4CaSi3O9:Bi3+, Eu3+ 27with tunable blue-red emission, 

Ca2LaTaO6:Bi3+/Mn4+28 emitting far-red light, and CaGdGaO4:Bi3+ 29emitting blue light, are 

also utilized for plant growth applications. Counterfeiting is a significant issue that poses a 

threat to economic security and violates intellectual property rights. This suggests the 

necessity of a high-level anticounterfeiting system. Persistent luminescence (PersL) 

phosphors, known for their tunable emissions, have gained attention for anticounterfeiting 

applications.6 For example, Tang et al. developed a multicolor-emitting phosphor, 

Ba0.99Ga2O4:0.01Bi3+, suitable for dynamic anticounterfeiting due to the varied emission 

centers of Bi ions and the presence of Ga vacancies.30 The color of PersL in 

Ba0.99Ga2O4:0.01Bi3+ changes from yellow to green with increasing temperature. Wang et al. 

created multiple anticounterfeiting phosphors by incorporating Bi3+ and upconversion ion Er3+ 

into the NaYTiO4 host, generating numerous trap levels.31 These phosphors exhibit promising 

applications in advanced anticounterfeiting measures due to the combination of their 

photochromic characteristics, upconversion, downshifted emissions, and PersL emission. 

Several silicate-based PersL materials are employed for dynamic anticounterfeiting 

applications. Tao et al. recently reported on a silicate composite, Zn2SiO4 /CdSiO3:Dy3+, 

whose emission changes from white to yellow to orange and ultimately red over time, making 

it suitable for anticounterfeiting purposes.32 Another example of silicate Na3LuSi3O9:Ce3+, 

Eu2+ demonstrated by Li et al. has the potential for multimode dynamic luminescence, as it is 

highly sensitive to dopant composition, excitation wavelength, and detection time.33 The 

remarkable properties of this material make it practical for fingerprint identification and 

anticounterfeiting applications. 

 

 In 2015, Xiaochen et al. reported a novel phosphor consisting of un-doped SrZrSi2O7 

material exhibiting blue long-lasting phosphorescence lasting for 5400 seconds.34 It was found 

that both the emission centers and trap levels were associated with oxygen-deficient defects 

induced in a reducing atmosphere. Despite this, zirconate-based host materials have not been 

effectively utilized for PersL applications. In response, a new host, Sr2Zr2(SiO3)6 (SZSO6), 

was developed in which Zr4+ occupies three Sr2+ sites, creating more opportunities for oxygen 

deficiency and enhancing PersL. One major advantage of the prepared SZSO6 material is its 

https://www.nature.com/articles/s41377-022-00868-8#auth-Weihong-Yuan-Aff1-Aff2
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dynamic color changes, making it suitable for mixing with various red and green-emitting 

phosphors for anticounterfeiting applications. The Sr2Zr2(SiO3)6: 12wt% NH4Cl (SZSO6: 

12wt% NH4Cl) phosphor has been effectively mixed with the reported red-emitting 

Mg3Al2GeO8: 0.005 Mn4+, 0.27Ba2+ (MAG: Mn4+,0.27Ba2+) phosphor.35 The above-mixed 

compositions have been successfully applied in plant growth applications. Meanwhile, the 

vacuum-treated Sr2Zr2(SiO3)6: 12wt% NH4Cl, 0.02Bi3+ (SZSO6: 12wt% NH4Cl, 0.02Bi3+) 

sample also mixed with the above-mentioned MAG: Mn4+,0.27Ba2+ red phosphor and used 

for dynamic anti-counterfeiting applications. 

 

4.3 Experimental 

4.3.1 Materials synthesis 

 The persistent luminescence materials Ca2Zr(SiO3)4 (CZSO4), Sr2Zr(SiO3)4 (SZSO4), 

Sr2Zr(SiO3)4: x wt% NH4Cl (SZSO4: x wt% NH4Cl), Sr2Zr2(SiO3)6: (SZSO6), Sr2Zr2(SiO3)6: 

x wt% NH4Cl (SZSO6: x wt% NH4Cl) and Sr2Zr2(SiO3)6: x wt% NH4Cl, yBi3+ (SZSO6: x 

wt% NH4Cl, yBi3+) samples were prepared through the conventional solid-state reaction route. 

CaCO3 (99.9 %), SrCO3 (99.9 %), ZrO2 (99.99 %), SiO2 (99.9%), NH4Cl (99.99 %) and Bi2O3 

(99.99%) were the raw material used for the synthesis. The reagents were weighed according 

to the stoichiometric ratio and ground for 30 minutes in ethanol using an agate-mortar. The 

dried sample were heated in air furnace for 1250 ºC for 5 h. The optimized sample is post 

annealed in vacuum at 1000 ºC for 2 h. 

 

4.3.2 Characterization 

 The X-ray powder diffraction (XRD) patterns of the materials were collected using 

Malvern PANalytical B.V. EMPYREAN 3 diffractometer with Ni filtered Cu-Kα radiation (λ 

= 1.54 Å). Rietveld refinement analysis of the XRD patterns were carried out using the GSAS2 

software. The X-ray photoelectron spectroscopy (XPS) analysis was conducted using a PHI 

5000 VersaProbe II equipped with a micro-focused (200 μm, 15 kV) monochromatic Al Kα 

X-ray source (1486.6 eV). The crystal planes and various phases in the samples were 

identified using a high-resolution transmission electron microscope (HRTEM), JEOL JEM-

F200. The elemental identification and morphological characteristics of the samples were 

analysed using scanning electron microscopy (JEOL JSM-5600 LV SEM). The UV–vis 

diffuse reflectance spectra (DRS) measurements were recorded using a Shimadzu UV–vis–

NIR spectrophotometer (UV 3600). The photoluminescence (PLE) excitation, emission (PL), 
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and lifetime were investigated using a Horiba Yvon Fluorolog 3 spectrofluorimeter having a 

450 W xenon irradiation source. PersL decay curves of the selected samples were recorded 

using Edinburgh FLS 1000 spectrophotometer. To obtain the PersL decay of the phosphors, 

the samples were illuminated under an excitation of 284 nm for 5 minutes by a Xenon source 

(450 W). 

 

4.4 Results and discussion 

4.4.1 Structural and optical properties of CZSO4 and SZSO4 

 Fig.4.S1 (a) in the supporting information shows the XRD pattern of Ca2Zr(SiO3)4 

(CZSO4) and Sr2Zr(SiO3)4 (SZSO4). CZSO4 is reported to have a monoclinic structure 

belonging to space group P21/m.36,37 Ca2+ and Si4+ ions occupy two crystallographic sites each, 

while Zr4+ ions occupy one. The Ca atom has multiple coordination ([CaO8] and [CaO9]), 

whereas the Si atom forms a tetrahedron with four O atoms [SiO4], and the Zr atom is 

coordinated by six oxygen atoms [ZrO6], forming an octahedron. However, the XRD pattern 

of SZSO6 matches well with the JCPDS of monoclinic-Sr3Y2Si6O18 (m- SYSO, JCPDS 00-

065-0204) rather than the JCPDS of monoclinic-Ca2ZrSi4O12 (JCPDS 04-011-5399). Apart 

from the m-SYSO phase (alkaline-earth lanthanide cyclosilicates), some of the major peaks 

are matching with hexagonal SrSiO3 (h-SrSiO3, JCPDS 04-021-7867). Hence, the above h-

SrSiO3 phase can be considered as a secondary phase. Impurity peaks from the precursor 

material SiO2 are also observed.  

 

 Since multiple secondary phases are observed, NH4Cl is added as a flux during the 

synthesis procedure to enhance the crystallinity of SZSO4. The NH4Cl, as a flux, is reported 

to enhance the PersL luminescence of Sr2MgSi2O7: Eu2+, Dy3+, and CaSnO4: Sm3+ phosphors 

by forming crystals at lower temperatures with enhanced morphology.14,38 Flux controls the 

particle size, shape, and distribution of phosphors, thereby improving their luminescence 

properties. In CaSnO4: Sm3+, the addition of flux enhances the PersL duration by inducing 

more shallow traps in the crystal. The XRD pattern of various NH4Cl added SZSO4 samples 

is displayed in Fig.4.S1 (b). However, the XRD patterns are similar to the patterns obtained 

without flux, with the major phase being m-SYSO. While increasing the NH4Cl concentration 

from 0 to 15 wt% the peaks corresponding to the secondary phases h-SrSiO3 and SiO2 are 

found to be enhanced. Thus, the NH4Cl can be considered as an effective tool for regulating 

the phase fraction of h-SrSiO3 and SiO2 in this host.  
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Fig.4.1. PLE and PL spectra of (a) CZSO4, SZSO4 and (b) SZSO4: x wt% NH4Cl (x = 0 to 

15 wt%). 

The PLE and PL spectra of the undoped CZSO4 and multiphase SZSO4 (m-SYSO /h-

SrSiO3/SiO2) are displayed in Fig.4.1 (a). Monitored at 485 nm, the excitation spectrum of 

CZSO4 presents a PLE band in the range 260 nm to 375 nm centered at 284 nm due to the O2-

→ Zr4+ charge transfer inside the [ZrO6] group. Under 284 nm excitation, the PL spectrum 

exhibits a broadband in the range of 300 nm to 675 nm peaking at 485 nm (FWHM = 140 

nm). The emission can be attributed to the metal to ligand (Zr4+→ O2-) charge transfer 

transition. The PL spectrum of CZSO4 is reported to consist of two bands: one broadband 

centered at 490 nm and a weak band centered at 375 nm. The two different bands arise due to 

the occupation of Zr4+ ions in different coordination environments. One possibility is Zr4+ ion 

occupies Ca2+ sites along with the octahedral [ZrO6] site during synthesis at high temperatures, 

creating positive defects (ZrCa)
•.36,37 The charge compensation, in this case, is achieved by 

cation vacancies or interstitial oxygen present in the compound. The distortion in the 

coordination environments affects the covalence of Zr4+ and O2- ions, resulting in the long 

wavelength emission of Zr4+ ions. The SZSO4 sample with the same PLE and PL maximum 

as that of CZSO4 exhibits enhanced PLE and PL intensity; however, with a reduced FWHM 

of 132 nm. An additional peak centered at 310 nm is also observed in SZSO4 is due to the PL 

of Zr4+ ions in disordered coordination environments. The higher intensity of emission in 

SZSO4 can be attributed to the presence of the secondary phases present in the phosphor. The 

secondary phase, SiO2 is reported to exhibit self-activated blue emission.39 The PLE and PL 

spectra of various NH4Cl doped phosphors are shown in Fig.4.1 (b). The emission intensity 

gradually increases with the increase in NH4Cl concentration up to 12 wt%. After 12 wt% 

NH4Cl, the emission gets quenched, which might result from the agglomeration of particles 
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or the formation of a glass (amorphous) phase. The increase in intensity can be attributed to 

the enhanced crystallinity and increase in the SiO2 phase with NH4Cl, as suggested by the 

XRD patterns. At 15 wt% of NH4Cl, the SiO2 phase is also decreasing as evident from Fig.4. 

S1 (b).  

 

4.4.2 Structural, elemental and morphological characterization of SZSO6 

4.4.2.1 XRD analysis 

 Since the XRD pattern of SZSO4 matches more with the m-SYSO cyclosilicate 

structure, a novel composition with stoichiometry Sr2Zr2(SiO3)6 (SZSO6) is developed by 

balancing the charge. The above materials consist of two phases, namely m-SYSO and 

orthorhombic-Sr3Zr2O7 (o-SZO). The m-SYSO can be considered as a major phase, and the 

o-SZO is the secondary phase. Also, the impurity peaks of SiO2 from the precursor material 

is also observed in the sample.   

 

 

Fig.4.2 (a) Rietveld refinement pattern of SZSO6 phosphor and the corresponding (b) 

monoclinic crystal structure 

 

 Fig.4.2 (a) represents the Rietveld refinement pattern of SZSO6 using the above three 

phases. The refinement parameters are Rp= 12.8 %, Rwp = 8.3 % and GOF = 2.95.  The lattice 

parameters of the compound is obtained as a = 13.41 Å, b = 7.88 Å, c = 14.67 Å. The 

corresponding crystal structure of the above phosphor is shown in Fig.4.2 (b). The m-SYSO 

phase is having monoclinic crystal structure belonging to the space group C2/c (15). m-SYSO 

is a cyclosilicate crystal characterized by alternating layers of Sr/Y atoms and [Si3O9] ring 
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layers along the [101] direction. Each [Si3O9] ring consists of three SiO4 tetrahedra, with two 

oxygen atoms from each tetrahedron being shared. The Sr/Y atoms are located in the Sr/Y 

layer and exhibit eightfold (Sr1/Y1), sevenfold (Sr2/Y2), and sixfold (Sr3/Y3) coordination, 

occupying distinct sites. Within the Sr/Y layer, only 5/6 of the cation sites are filled with Sr or 

Y ions in various coordination geometries, leaving 1/6 of the sites vacant. When doped, ions 

preferentially occupy the eight-coordinated Sr/Y sites due to the high concentration of these 

sites.40 In the case of the SZSO6 sample, the Zr4+ ions are replacing the Y3+ sites and 

occupying those sites. The corresponding crystal structure is represented in Fig.4.2 (b). The 

XRD pattern of x wt% NH4Cl doped SZSO6 (x = 0, 4, 8, 12, 15, 18) samples are shown in 

Fig.4.S2 (a). The peaks corresponding to the secondary phase o-SZO are found to be 

increasing with an increase in NH4Cl concentration, which is similar to the behaviour of the 

SrSiO3 phase in the XRD patterns of NH4Cl co-doped SZSO4. Further Bi3+ ions have been 

co-doped in the Sr2+ sites of optimum SZSO6: 12wt% NH4Cl phosphor at four different 

concentrations (yBi3+; y = 0, 0.01, 0.02, 0.03, 0.04) and the corresponding changes in the XRD 

pattern are shown in Fig.4.S2 (b). A slight shift towards a higher 2𝜃 angle has been observed 

due to the lower ionic radii of Bi3+ ions compared to the Sr2+ ions. 

 

4.4.2.2 HRTEM analysis 

 The HRTEM images for the undoped SZSO6 sample are displayed in Fig.4.3 (a-b) 

and the various planes corresponding to different phases were identified. The planes 

corresponding to the major phase m-SYSO can be identified from the inset of Fig.4.3 (a), 

which is the magnified portion of a small area. The calculated inter-planar spacing in two 

different regions of the magnified portion is 3.10 Å and 2.247 Å, and it corresponds to the (0 

2 3) and (-2 2 5) planes of the m-SYSO phase respectively.  Further, the corresponding reduced 

2D- fast Fourier transform (2D-FFT) of the magnified version is taken and shown in the inset 

of Fig.4.3 (a), which further confirms the existing (0 2 3) and (-2 2 5) planes of m-SYSO. 

Fig.4.3 (b) represents the HRTEM images of the sample from a different region. Since the 

planes are overlapped in this region, a reduced FFT of the entire image is taken in order to 

identify the planes. From the reduced FFT, the calculated inter-planar distances are 6.23 Å 

and 3.07 Å, and it corresponds (1 1 1) and (3 1 3) planes the m-SYSO phase. Apart from this 

major phase, the (2 2 0) planes of the secondary phase o-SZO are also identified and the 

corresponding inter-planar distance is 2.06 Å.   
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Fig.4.3 (a-b) HRTEM images of SZSO6 sample with magnified versions (inset) and reduced 

FFT (inset) showing the planes corresponding to different phases. 

 

 Fig.4.S3 (a) demonstrates (-1 1 3) and (0 2 3) planes of the m-SYSO phase having the 

d-spacing values of 4.02 Å and 3.1 Å respectively. Fig.4.S3 (b) also shows the overlapping of 

two planes as observed in Fig.4.3 (b). Here, the (1 1 1) plane of the major m-SYSO phase and 

the (1 1 5) plane of the o-SZO are identified from the reduced FFT as shown in the inset of 

Fig.4.S3 (b) and the associated d values are 6.23 Å and 2.95 Å respectively. The phases 

identified from the HRTEM images match with the phases used for the Rietveld refinement 

of the XRD pattern of undoped SZSO6, confirming the existence of secondary phase o-SZO 

identified in SZSO6 phosphor.   

 

4.4.2.3 Elemental and morphological studies of SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ 

SEM image of SZSO6: 12 wt% NH4Cl, 0.02Bi3+ phosphor is shown in Fig.4.S4 (a). 

The particles exhibit irregular granular morphology with sizes varying in the micrometre 

range. TEM images shown in Fig.4.S4 (b) also confirm the micrometer size of the particles. 

The EDAX spectrum shown in Fig.4.S4 (c) recorded for the SZSO6: 12wt% NH4Cl, 0.02Bi3+ 

sample demonstrates the presence of the elements Sr, Zr, Si, O, and Bi. Further, the atomic 

percentage of the elements represented in Fig.4.S4 (c) matches with the stoichiometry of the 

composition SZSO6: 12wt% NH4Cl, 0.02Bi3+. The elemental mapping shown in Fig.4.S4 (d) 

suggests the uniform distribution of elements within the crystal.  
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4.4.2.4 XPS analysis of SZSO6: 12wt% NH4Cl and SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ 

 XPS survey spectrum of SZSO6:12wt% NH4Cl phosphor is shown in Fig.4.4 (a). The 

elements Sr, Zr, Si, and O are identified from the survey spectra. The high-resolution core 

level spectra for the above elements are recorded and shown in Fig.4.4 (a1-a4). The high-

resolution XPS spectra for Sr 3d and Zr 3d are deconvoluted into the 3d5/2 and 3d3/2 energy 

levels, which originate from the splitting of the 3d level due to spin-orbit coupling41 (Fig.4.4 

(a1) and (a2)). The peak position of Si 2p observed at 102.98 eV confirms the 4+ oxidation 

state of Si (Fig.4.4 (a3)). The core level spectra for the O1s sample were deconvoluted into 

two peaks OI and OII (Fig.4.4(a4)). The OI peak positioned at 531.4 eV corresponds to the 

lattice oxygen, and OII peak positioned at 532.9 eV can be assigned to oxygen vacancy.42 The 

higher oxygen vacancy content in the sample can be attributed to the mixed phase formation 

as well as the high-temperature synthesis procedure.  

    The SZSO6 composition has a non-equivalent Zr4+ site instead of Y3+ in m-SYSO, and 

this also can lead to the formation of oxygen vacancies in SZSO6: 12wt% NH4Cl. The XPS 

survey spectrum of the SZSO6: 12 wt% NH4Cl, 0.02Bi3+ phosphors is shown in Fig.4.4 (b). 

The presence of Bi indicates their successful incorporation in the SZSO6 host. The high-

resolution core level spectra of the Sr 3d, Zr 3d, Si 2p, O 1s, and Bi 4f are displayed in Fig.4. 

4 (b1-b5). The core level spectra of Sr 3d, Zr 3d, and Si 2p are similar to SZSO6. However, 

the slight changes in the core level spectra of Sr 3d might be attributed to the structural 

distortion in the Sr2+ sites due to Bi3+ incorporation. The O 1s core-level spectra of SZSO6:12 

wt% NH4Cl, 0.02Bi3+ phosphor has been deconvoluted into two peaks OI (lattice oxygen) and 

OII (oxygen vacancy) as shown in Fig.4.4 (b4). While comparing the oxygen vacancy (OII) 

content in SZSO6: 12 wt% NH4Cl, 0.02Bi3+ phosphor (Fig.4.4 (b4)) with the undoped 

SZSO6: 12 wt% NH4Cl (Fig.4.4 (a4)), the peak corresponds to the oxygen vacancy is found 

to be higher for the Bi3+ co-doped sample. Hence, the increased oxygen vacancy in the Bi3+ 

doped phosphor can be attributed to the non-equivalent Bi3+ doping in the Sr2+ sites.43 
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Fig.4.4 (a) XPS survey spectra of SZSO6: 12wt% NH4Cl. Insets: core level XPS spectra of 

(a1) Sr 3d, (a2) Zr 3d, (a3) Si 2p and (a4) O 1s. (b) XPS survey spectra of the SZSO6: 

12wt% NH4Cl, 0.02Bi3+. Insets core level XPS spectra of (b1) Sr 3d, (b2) Zr 3d, (b3) Si 2p, 

(b4) O 1s and (b5) Bi 4f. 

 

4.4.3 UV-Vis DRS and photoluminescence properties of SZSO6, SZSO6: 12wt% NH4Cl 

and SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ 

4.4.3.1 UV-Vis DRS and bandgap  

Fig.4.5 (a) presents the diffuse reflectance spectra of SZSO6, SZSO6: 12wt% NH4Cl, 

and SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ in the range 200 nm to 450 nm. Two major absorption 

bands in the range 240 – 275 nm and 325 – 400 nm are observed in the spectra. The first band 

corresponds to O2- → Zr4+ charge transfer transitions.36,37 The latter absorption is found to be 
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decreasing with NH4Cl addition, suggesting that the absorption might be due to any additional 

phases present in the host. After NH4Cl addition, the phase formation of crystalline SZSO6 

becomes much better compared to the host before adding NH4Cl. This can be validated by the 

increasing absorption of the host in the range of 240 – 275 nm, as shown in Fig.4.5 (a). Fig.4. 

5(b) exhibits the tauc plot of SZSO6, SZSO6: 12wt% NH4Cl, and SZSO6: 12 wt% NH4Cl, 

0.02 Bi3+ phosphors for finding the bandgap energy for direct- transitions. A slight increase in 

bandgap is observed after Bi3+ doping that can be attributed to the higher electronegativity of 

Bi3+ compared to Sr2+.44,45 The introduction of Bi3+ might reduce the localized states within 

the bandgap. 

 

 

Fig.4.5 The (a) UV- vis diffuse reflectance spectra and (b) Tauc plots for SZSO6, SZSO6: 

12wt% NH4Cl and SZSO6: 12 wt% NH4Cl, 0.02 Bi3+. 

 

4.4.3.2 Persistent Luminescence 

4.4.3.2.1 PL and PersL properties of SZSO6 and effect of NH4Cl addition 

A comparison of PLE and PL spectra of SZSO4 and SZSO6 is shown in Fig.4.6 (a). 

The two phosphors exhibit similar profiles with broad emission bands ranging from 390 nm 

to 620 nm, peaking at 484 nm. However, the SZSO6 phosphor shows slightly higher emission 

intensity than the SZSO4 phosphor. The PLE spectra recorded for the SZSO6 phosphor at an 

emission wavelength of 484 nm exhibit a broad excitation band peaking at 284 nm. The 

excitation band position matches with the absorption maximum of UV-Vis DRS spectra for 

the SZSO6 phosphor, as observed in Fig.4.5 (a). The SZSO6 phosphor has a strong excitation 

band in the UV region ranging from 250 nm to 360 nm. This can be attributed to the host 

absorption band originating from the charge transfer from the oxygen ligands to the central 
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Zr4+ ions.36,37 This outcome implies that the SZSO6 host can effectively absorb the energy 

from UV irradiation and then transfer it to the emission centers for PL. The possible emission 

centers in the host are point defects formed by the substitution of Zr4+ in the Y3+ site of m-

SYSO cyclosilicate structure, a stoichiometric defect due to Sr2+ vacancy (Vsr'') and oxygen 

vacancies (VO) generated during the high-temperature synthesis procedure. Hence, the higher 

intensity of emission in SZSO6 can be explained by both Zr4+→ O2- charge transfer transition 

and intrinsic defects such as oxygen vacancies present in the host lattice.43 

 

  Further, the NH4Cl concentration has been varied in the SZSO6 sample from 0 wt% 

to 20 wt% and the corresponding PLE and PL spectra are shown in Fig.4.6 (b). The PL 

excitation and emission intensity increase with NH4Cl addition and this can be attributed to 

the increased crystallinity and reduced non-radiative transitions within the crystal. Beyond 12 

wt% of NH4Cl, the intensity of emission in SZSO6 gradually decreases until the concentration 

of NH4Cl reaches 20 wt%. However, the emission intensity of 20 wt% NH4Cl added SZSO6 

is still greater than SZSO6 sample without NH4Cl. The CIE diagram of SZSO6: 12 wt% 

NH4Cl phosphor is displayed in Fig.4.6 (c). The chromaticity coordinates of (0.225, 0.321) 

suggest the emission color of SZSO6: 12 wt% NH4Cl phosphor is cyan, as shown in the inset 

of Fig.4.6 (c). The PL decay curves of SZSO6 and SZSO6: 12 wt% NH4Cl are shown in Fig.4. 

6 (d) and their respective lifetimes are 64 ms and 70 ms. The emission decays faster in SZSO6 

compared to SZSO6: 12 wt% NH4Cl implies the enhanced crystallinity and reduced non-

radiative PL quenching mechanisms after NH4Cl addition. 
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Fig.4.6 (a) A comparison of PLE and PL spectra of SZSO4 and SZSO6. (b) PLE and PL 

spectra of SZSO6: x wt% NH4Cl (x = 0, 4, 8, 12, 15,18, 20), (c) CIE diagram of SZSO6: 12 

wt% NH4Cl phosphor and (d) PL decay curves of SZSO6 and SZSO6: 12 wt% NH4Cl. 

 

The phosphors CZSO4, SZSO4, SZSO4: 12wt% NH4Cl, SZSO6 and SZSO6: 12wt% 

NH4Cl also demonstrate persistent luminescence, as shown in Fig.4.7 (a) and (b). After 

irradiating with 254 nm for one minute, the prepared CZSO4 phosphor exhibits a PersL 

duration of 15s. As per the reported PersL properties of CZSO, the material has an PersL 

duration of 4800s (0.32 mcd m-2) when irradiated at 254 nm for 10 minutes.36 On the other 

hand, the PersL of SZSO4 lasts for 45s after the irradiation stops. In the case of SZSO6 the 

PersL lasts for 60s after stopping the illumination under 254 nm. The enhanced PersL in 

SZSO6 might be due to the different types of defects (traps) present in the phosphor (cation 

and oxygen vacancies).4 Interestingly, the PersL duration is enhanced with the addition of 

NH4Cl in both SZSO4 and SZSO6, as shown in Fig.4.7 (a) and (b), respectively. SZSO4: 12 

wt% NH4Cl shows a brighter PersL even at 45s compared to CZSO and SZSO. Even after 
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60s, the PersL of SZSO6: 12 wt% NH4Cl glows brighter than SZSO6 at 60s. This might be 

due to the increase of shallow traps generated after adding the flux, which is evident from the 

XPS spectrum, as shown in Fig.4.4 (a). From the XPS spectra, it is clear that one of the major 

traps present in the SZSO6:12 wt% NH4Cl is oxygen vacancies. PersL decay curves of SZSO6 

and SZSO6: 12 wt% NH4Cl are shown in Fig.4.7 (c). The PersL of SZSO6 decays faster 

compared to SZSO6: 12 wt% NH4Cl, which supports the PersL images in Fig.4.7 (b). 

 

 

Fig.4.7 (a) PL images of CZSO4, SZSO4 and SZSO4: 12 wt% NH4Cl sample under 254 nm 

excitation. PersL images of (b) CZSO4, SZSO4, SZSO4: 12 wt% NH4Cl, and (c) SZSO6 

and SZSO6: 12 wt% NH4Cl samples after illuminating under 254 nm irradiation for one 

minute. 

 

4.4.3.2.2 Enhancing the PersL via Bi3+ co-doping and post-annealed vacuum treatment. 

 There are several methods to improve the persistence luminescence of materials, such 
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etc. Here, the Bi3+ ions are doped in the Sr2+ site of SZSO6: 12 wt% NH4Cl phosphor to 

introduce defects. Since the Bi3+ ions prefer to occupy the Sr2+ sites due to the comparable 

ionic radii {Sr2+: rA = 1.26Å, Bi3+: rA = 1.17Å (eight-fold coordination)}, the cation defects 

may be formed due to this non-equivalent substitution.36 This can be explained using the 

following equation. 

                                            2Bi3+ + 3Sr2+ → 2BiSr
• + VSr''                                              (4.1) 

 In order to balance the charge, three Sr2+ cations are replaced by two Bi3+ ions, 

resulting in the formation of two positive defects (BiSr
•) and one Sr2+ vacancy. The first one is 

an electron trap, and the latter is a hole trap.  Also, XPS of SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ 

shown in Fig.4.4 (b) predicts excess oxygen vacancy compared to SZSO6: 12 wt% NH4Cl. 

The PLE and PL spectra of the yBi3+ doped SZSO6: 12 wt% NH4Cl (y = 0.01, 0.02, 0.03 and 

0.04) are shown in Fig.4.8 (a). PL spectra present an additional band centred at 620 nm that 

can be attributed to the oxygen-vacancy-induced electronic localization around the Bi3+ ions. 

A similar kind of orangish-red emission due to Bi3+ ion substitution is reported by Yi Wei et 

al.46 Here, the PL intensity centred at 486 nm is found to be reduced after Bi3+ co-doping. The 

decrease in emission intensity can be ascribed to the energy transfer from the host to Bi3+ ions. 

As can be seen from Fig.4.8 (a), as the concentration of Bi3+ increases, the peak centred at 

620 nm increases.  

 

 The PersL images of Bi3+ doped SZSO6: 12 wt% NH4Cl s are shown in Fig.4.8 (b) 

after 1 min irradiation of the 254 nm UV lamp. From Fig.4.8 (b), it can be observed that the 

PersL time is enhanced with the Bi3+ co-doping and lasts for more than 90s. The above 

increment in persistence luminescence time can be ascribed to the creation of extrinsic defects 

and cation vacancies after Bi3+ co-doping.19,20 The SZSO6: 12 wt% NH4Cl, 0.02Bi3+ sample 

exhibits greater PersL duration in comparison with SZSO6: 12 wt% NH4Cl. To further 

improve the PersL time, the SZSO6: 12 wt% NH4Cl, 0.02Bi3+ phosphor has been post-

annealed at 1000 ºC for 2h in a vacuum atmosphere. The PLE and PL spectra of the vacuum-

treated phosphor have been compared with the SZSO6:12 wt% NH4Cl, 0.02Bi3+ phosphor 

prepared in air (Fig.4.8 (c)). The PL intensity has been reduced after vacuum treatment. The 

reduction in the intensity can be attributed to the formation of oxygen vacancies, which can 

act as electron-trapping centres. The PersL images of vacuum-treated SZSO6: 12 wt% NH4Cl, 

0.02Bi3+ are shown in Fig.4.8 (b). The PersL intensity and duration are improved for the 
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vacuum-treated phosphor. Vacant oxygen and vacant metal sites are likely to form when 

exposed to high temperatures and an atmosphere that lacks oxygen. This is because atoms can 

move more easily to the surface and then be released into the external environment. The 

following defect equilibrium equation can be used to express the formation of oxygen 

vacancies, as per the Kröger−Vink notation.47 

                                         Oo → 
1

2
O2 + VO

•• + 2e''                                                               (4.2) 

 The reaction shifts towards the right when exposed to a reducing atmosphere, which 

also enhances oxygen vacancy defects. Conversely, an oxidizing atmosphere produces the 

opposite outcome.  

 

 In order to confirm the creation of oxygen vacancies in the phosphor, the XPS analysis 

is carried out for the SZSO6: 12wt% NH4Cl, 0.02 Bi3+ phosphor post-annealed in vacuum. 

Fig.4.8 (d) represents the deconvoluted core-level spectra of O 1s for the vacuum-treated 

SZSO6: 12wt%NH4Cl, 0.02 Bi3+ phosphor. While comparing core-level XPS spectra of O 1s 

of the as-prepared SZSO6: 12wt%NH4Cl, 0.02 Bi3+ (Fig.4.4 (b)) with the vacuum-treated 

phosphor, the peak corresponds to the oxygen vacancy (OII) is found to be enhanced in the 

latter. Hence, the post-annealed vacuum treatment enhances oxygen vacancy content, thereby 

enhancing the PersL. The PersL decay curves of SZSO6: 12wt%NH4Cl, 0.02 Bi3+, and 

vacuum-treated phosphor are shown in Fig.4.8 (e). The as-prepared phosphor decays faster 

than the vacuum-treated phosphor, indicating the enhanced PersL of the phosphor after 

vacuum treatment.  

 

 A possible persistent luminescence mechanism of SZSO6: 12wt%NH4Cl, 0.02 Bi3+ is 

as follows (Fig.4.S5). Under ultraviolet excitation at 284 nm, electrons in the valence band 

are excited to the conduction band. Some of these electrons recombine near the emission 

centres, creating excited levels for PL. The sequential trapping of these excited electrons into 

shallow traps (point defects and oxygen vacancies) occurs. The PersL occurring at room 

temperature indicates that the traps in this system are shallow. The trapped electrons are later 

released to the valence band, resulting in persistent luminescence. 
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Fig.4.8 (a) PLE and PL spectra of the xBi3+ doped SZSO6: 12 wt% NH4Cl (x = 0.01, 0.02, 

0.03 and 0.04), (b) PersL images of the SZSO6:12 wt% NH4Cl, SZSO6: 12 wt% NH4Cl, 

0.02 Bi3+ and post annealed vacuum treated SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ sample (c) 

PLE and PL spectra of the SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ and post annealed vacuum 

treated SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ sample (d) deconvoluted core-level spectra of O 

1s for the post annealed vacuum treated SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ phosphor and (e) 

PersL decay curves of SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ and post annealed vacuum treated 

SZSO6: 12 wt% NH4Cl, 0.02 Bi3+ phosphor. 
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4.4.4 Anti-counterfeiting and plant-growth LED applications  

A method involving handwritten security inks was used to assess the practical usability 

of the persistent blue phosphor in dynamic anti-counterfeiting marking. Here, the security inks 

were prepared by dispersing the phosphors in the PVA to make viscous solutions. The security 

ink is prepared using the mixture of cyan-emitting post annealed vacuum treated SZSO6: 

12wt% NH4Cl, 0.02Bi3+ and the deep red-emitting MAG: Mn4+, 0.27Ba2+ phosphors. The PLE 

spectra of the MAG: Mn4+, 0.27Ba2+ red phosphor and PL spectra of the persistent cyan 

phosphor are shown in Fig.4.S6 of the supporting information. The overlapping region is 

found to be less in this case, and the photon reabsorption will be minimal for the security ink 

developed from the mixture of the above two samples. 

The developed security inks were utilized to produce various writings on different 

surfaces, including currency notes and QR codes. Under daylight conditions, these phosphors 

do not emit any noticeable light. Under UV irradiation, at 254 nm, the mixture of cyan and 

red-emitting phosphors exhibits pink luminescence, and under 365 nm irradiation, the mixture 

exhibits red luminescence. After the irradiation is off, the phosphor mixture shows cyan 

luminescence. The digital photographs of dip pen writing on currency notes and QR code 

encoded the search word "CSIR-NIIST" under 254 nm and 365 nm UV light are shown in 

Fig.4.9 (a) and Fig.4.9 (b). When the irradiation stops, the surfaces of the currency note and 

QR code demonstrate a cyan colour. Hence, the developed PersL phosphors can be used for 

dynamic anticounterfeiting applications. The above technique can prevent fraud by 

safeguarding documents from forgery and duplication. The duplication of logos, currency 

notes and documents can be prevented to a certain limit using this technique.48 
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Fig.4.9 Digital photographs of dip pen writing on (a) currency note and (b) QR code under 

365 nm, 254 nm and after irradiation stops. 

 

Another application of the phosphor mixture developed is to use in plant growth LEDs. 

In vitro culture plays a crucial role in mass-producing plants with specific traits and has proven 

effective in conserving and rapidly propagating economically important rare and endangered 

plants. Various external and internal factors influence the growth and development of in vitro 

plants, with light being particularly significant. The lighting system used for in vitro culture 

must deliver light within the spectral range essential for photosynthesis and 

photomorphogenic responses. Employing light sources that emit photons across a wide 

spectral range typically fulfils these dual lighting requirements.49,50 
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Fig.4.10 (a) PLE spectrum of MAG: Mn4+, 0.27Ba2+ and PL spectrum of SZSO6: 12wt% 

NH4Cl and (b) EL spectrum of the MAG: Mn4+, 0.27Ba2+/ SZSO6: 12wt% NH4Cl mixture 

and the absorption spectra of phytochrome (Pr) and Chlorophyll a, b, and carotenoids. 

 

Fig.4.10 (a) shows the PLE spectrum of MAG: Mn4+, 0.27Ba2+ and the PL spectrum 

of SZSO6: 12wt% NH4Cl. The overlap between the PLE and PL spectra is minimal, indicating 

that photon reabsorption in the MAG: Mn4+, 0.27Ba2+/ SZSO6: 12wt% NH4Cl mixture will 

be less. Furthermore, both the phosphors can be simultaneously excited using a 280 nm UV 

LED. An LED is developed using the MAG: Mn4+, 0.27Ba2+/ SZSO6: 12wt% NH4Cl mixture. 

The EL spectrum of the MAG: Mn4+, 0.27Ba2+/ SZSO6: 12wt% NH4Cl mixture shows a broad 

emission in the range of 400 nm to 750 nm that matches the absorption spectrum of plant 

phytochrome (PR) and chlorophyll (Fig.4.10 (b)).49,50 Hence, this mixture can be used for 

plant-growth LED applications. 
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4.5 Conclusions 

A novel cyan emitting persistent luminescence material Sr2Zr2(SiO3)6 is synthesized 

by balancing the charge after identifying a major m-Sr3Y2Si6O18 phase in the initially 

developed Sr2Zr(SiO3)4 by substituting Sr2+ for Ca2+ in the reported Ca2Zr(SiO3)4. The 

additional phases identified from the Rietveld refinement of the XRD pattern are confirmed 

by HRTEM analysis. The self-activated phosphor exhibits PersL that lasts for 60s after 

irradiating with a 254 nm UV lamp for one minute. The addition of NH4Cl flux enhances the 

intensity and duration of persistent luminescence by adding shallow traps (oxygen vacancies) 

as evident from the XPS analysis. The high-resolution core-level spectrum of O 1s shows an 

increase in oxygen vacancy with NH4Cl addition. Further, the shallow traps in the 

Sr2Zr2(SiO3)6: 12 wt% NH4Cl system are boosted by adding Bi3+ in the Sr2+ site followed by 

annealing the phosphor under vacuum. This process increases both cation defects and oxygen 

vacancies in the material, resulting in an enhanced PersL lasting 90s. The post-annealed 

vacuum-treated Sr2Zr2(SiO3)6: 12 wt% NH4Cl, 0.02Bi3+ phosphor with higher persistent time 

is used for dynamic anti-counterfeiting applications by mixing with the reported red-emitting 

Mg3Al2GeO8: 0.005 Mn4+, 0.27Ba2+ phosphor. Meanwhile, the highly intense Sr2Zr2(SiO3)6: 

12 wt% NH4Cl sample has been used for plant growth LED applications. 

 

4.6 Supporting Information 

Fig.4.S1 (a) XRD pattern of CZSO4 and SZSO4 (b) XRD pattern of SZSO4: x wt% NH4Cl 

(x = 0, 4, 8, 12, 15).  
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Fig.4.S2. XRD patterns of (a) SZSO6: x wt% NH4Cl (x = 0, 4, 8, 12, 15, 18 wt%) samples 

and (b) SZSO6: 12 wt% NH4Cl, yBi3+ (y = 0, 0.01, 0.02, 0.03, 0.04). 

 

Fig.4.S3. (a-b) HRTEM images of undoped SZSO6 with magnified versions (inset) and 

reduced FFT (inset) showing the planes corresponds to different phases. 
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Fig.4.S4 (a) SEM image and (b) TEM image of SZSO6: 12wt% NH4Cl, 0.02Bi3+ sample. (c) 

The EDAX spectrum and atomic percentage of elements in SZSO6: 12 wt% NH4Cl, 

0.02Bi3+. (d) EDAX elemental mapping of Sr, Zr, Si, O and Bi for SZSO6: 12 wt% NH4Cl, 

0.02Bi3+ phosphor. 
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Fig.4.S5 Persistent luminescence mechanism of SZSO6: 12wt%NH4Cl, 0.02 Bi3+. 

 

Fig.4.S6 PLE spectrum of MAG: Mn4+, 0.27Ba2+ (λem: 659 nm) and PL emission (λex: 284 

nm) spectrum of SZSO6: 12wt% NH4Cl. 
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Chapter 5 

Summary and future scope of the thesis 

 

 

 The invention of various types of phosphor materials has been a game-changer in the 

world of technology. These materials have enabled the development of energy-efficient light-

emitting diodes (LEDs), which have revolutionized the lighting industry. Additionally, 

phosphor materials have replaced many traditional functional materials, making them an 

indispensable component in various applications including optoelectronics, bioimaging, 

sensors, and security. However, there exists a scarcity of highly efficient non-rare earth-based 

inorganic oxide phosphors. The rare earth-free inorganic oxide materials are highly 

recommended due to their low cost and good chemical as well as thermal stability. 

 

 Hence, in Chapter 1, a detailed description of the deep red/NIR emitting non-rare 

earth-based inorganic phosphor activated by transition metal ions such as Mn4+ and Cr3+ is 

provided. Also detailed review of the structural and optical properties of the currently 

available phosphors is described in this chapter. This review provides structural dependent 

luminescence properties, different methods for amplification of luminescence intensity and 

potential applications of deep/NIR phosphors. Meanwhile, the mechanism, overview, and 

applications of the self-activated persistent phosphors are also described in Chapter 1. 

 

 In Chapter 2, a novel deep red-emitting (Mg, Ba)3Al2GeO8: Mn4+ phosphor developed 
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from its analogue of Mg3Ga2GeO8: Mn4+. The replacement of Ga3+ by Al3+ yielded 

Mg3Al2GeO8: Mn4+, which showed more intense red emission than Mg3Ga2GeO8: Mn4+ due 

to the strong preference of Mn4+ to the [AlO6] octahedrons compared to [GaO6] octahedrons. 

The co-existing phases, MgAl2O4 and Mg2GeO4 in Mg3Al2GeO8 also contributed to the Mn4+ 

luminescence by providing octahedral sites for Mn4+ occupancy. These sites reduced the 

natural reduction probability of Mn4+ to Mn2+, which was confirmed by the low-temperature 

photoluminescence and cathodoluminescence studies. The partial substitution of larger Ba2+ 

ions in Mg2+ sites caused structural distortions and generated new Ba impurity phases, which 

improved the Mn4+ photoluminescence further. Under UV and violet-blue exposure, the 

optimum composition Mg2.73Ba0.27Al2GeO8: Mn4+ exhibited deep red emission at 659 nm, 

which was 35 folds greater in intensity than the base composition of Mg3Ga2GeO8: Mn4+. The 

emission matched with the absorption of chlorophylls liable for plants’ photosynthesis. The 

intense red emission with 100% colour purity of the optimised composition makes it a suitable 

red phosphor to enhance the colour rendering of commercial white LEDs. 

 

 In Chapter 3, Mg3Al2GeO8: 0.01Cr3+ phosphor developed with ultra-sharp emission 

band peaking at 693 nm having FWHM of around 4 nm. The emission intensity and the 

FWHM of the phosphor increased due to the substitution of alkaline earth metal ions. The 

optimum Mg2.9Al2GeO8: 0.01Cr3+, 0.1Sr2+ showed three times greater emission intensity than 

that of Mg3Al2GeO8: 0.01Cr3+ sample. The additional [MgO6] sites from the newly generated 

Sr impurity phase and the structural distortion in the Cr3+ occupied sites are responsible for 

the emission enhancement. In addition, developed a series of Ga3+ co-doped Mg2.9(Al2-

yGay)GeO8: 0.01Cr3+, 0.1Sr2+ samples. The partial Ga3+ substitution weakens the crystal field 

environment in [GaO6] that occupy Cr3+ ions. The partial Ga3+ co-doped sample could produce 

broadband emission (630 nm to 1050 nm) with an FWHM of ~150 nm due to the combined 

emission from the multiple sites with strong and weak crystal field environments. Meanwhile, 

this emission range could cover the first biological window region, showing the suitability for 

bio-imaging applications. Finally, various phosphor-converted LEDs are fabricated using 

commercial blue LEDs. The pc-LED produced by combining 410 nm LED with 

Mg2.9Al2GeO8: 0.01Cr3+, 0.1Sr2+ phosphor having 100% colour purity could be used for 

display application. While the 410 nm LED combined with Mg2.9(AlGa)GeO8: 0.01Cr3+, 

0.1Sr2+ phosphor exhibited the potential for plant growth applications. Moreover, the NIR 

LEDs produced from Mg2.9(Al0.5Ga1.5)GeO8: 0.01Cr3+, 0.1Sr2+ phosphor having increased 

FWHM can be used for night vision surveillance.  

https://www.bpf.co.uk/plastipedia/additives/Anti_Counterfeiting.aspx
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 Chapter 4 reports a novel cyan-emitting persistent phosphor suitable for anti-

counterfeiting and plant growth applications. Initially, a self-activated Sr2Zr(SiO3)4 phosphor 

is developed from the reported Ca2Zr(SiO3)4. The XRD pattern of the synthesised sample 

matches with monoclinic-Sr3Y2Si6O18 (JCPDS 00-065-0204), and this led to the development 

of a novel self-activating persistent cyan emitting Sr2Zr2(SiO3)6 phosphor. The XRD analysis 

revealed the presence of a secondary orthorhombic Sr3Zr2O7 phase and the various planes in 

the host lattice were confirmed from the HRTEM analysis. The optimised Sr2Zr2(SiO3)6: 12 

wt% NH4Cl phosphor material with high intensity and persistent luminescence shows 

potential application in information storage due to its self-activated property. The presence of 

oxygen vacancies in these samples was identified from the XPS analysis. The Bi3+ co-doping 

and the vacuum treatment increased the cation vacancies and oxygen vacancies in the sample. 

The orange-red emission observed around 620 nm due to Bi3+ incorporation can have 

attributed to the oxygen-vacancy-induced electronic localisation around the Bi3+ ions. The 

optimised vacuum-treated Sr2Zr2(SiO3)6: 12 wt% NH4Cl, 0.02Bi3+ sample with high 

persistence luminescence has been used for information storage. The designed QR code using 

the above phosphor mixed with rare earth-free deep red phosphor stores the information CSIR 

NIIST, which can be read out and found suitable for security applications. Further, the material 

is used for anti-counterfeiting applications. Here, the vacuum-treated Sr2Zr2(SiO3)6: 12 wt% 

NH4Cl, 0.02Bi3+ material is incorporated with rare earth-free deep red phosphor. Meanwhile 

the high intense Sr2Zr2(SiO3)6: 12 wt% NH4Cl phosphor has been mixed with deep red-

emitting phosphor and combined with 280 nm LED and 410 nm LED for the plant growth 

applications. Overall, the thesis focuses on the development of non-rare-earth-based 

highly efficient oxide phosphors and the effective utilisation of the developed phosphors for 

various applications.  

 

Future Scope 

The current thesis could develop different types of phosphors with emissions in 

various ranges. These phosphors were effectively utilized in lighting, medical imaging, and 

security applications. However, the developed compositions can be used for some other 

important applications without any changes in their compositions. Meanwhile, the scope 

of the developed phosphor can be extended to various areas with slight modifications in 

the compositions. The scope for the three different working chapters are provided 

separately in this section. 

https://www.bpf.co.uk/plastipedia/additives/Anti_Counterfeiting.aspx
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 In the second chapter (Mg, Ba)3M2GeO8: Mn4+ (M = Al, Ga) phosphor has been 

developed and utilized for lighting and plant growth applications. In future, the fabricated 

red LEDs for plant growth can be used for indoor plant cultivations and we can observe 

the improvements in plant growth. Moreover, the CL spectra of the (Mg, Ba)3Al2GeO8: 

Mn4+ (M = Al, Ga) phosphor shows emission in both red and green regions due to the 

presence of Mn2+ ions. Hence synthesizing samples in a reduction atmosphere may produce 

green and red emissions. The variation of both emissions with the temperature can be 

studied in detail and can be used for optical temperature sensing applications. 

 In the third chapter, Cr3+-activated deep red to NIR emitting phosphors are 

developed and used for various applications. Instead of the carried out in vitro cell imaging, 

the application can be extended to in vivo bioimaging if the phosphor is capable of 

producing persistent emission in deep red to NIR region. Hence suitable cationic 

modification can be done to create trapping centres in the host for producing persistent 

emission. Moreover, introducing anionic/cationic vacancies by various methods can induce 

persistent emission in the Cr3+ sample. Hence the phosphor can be used for in vitro bio 

imaging applications in future. Also, the above phosphor finds scope in solar cell 

applications. Since the developed Cr3+ activated phosphor have a strong absorption band 

in the UV and blue region and is capable of producing emission in deep red to NIR region. 

The phosphors can convert the UV and blue light from the sunlight to deep red to NIR. The 

spectral mismatch between the bandgap of silicon solar cells and incident photon energy 

coming from sunlight that causes difficulty in converting the solar energy to electricity. 

The bandgap of the Si cell is appropriate for absorbing deep red and NIR regions, but the 

incident solar energy contains UV content. Hence the developed Cr3+activated phosphors 

are capable of collecting solar photons and converting them into matching bandgap energy 

of Si cells. Another important future scope for the developed activated phosphor is its 

utilization in Far red/NIR therapy. Since the developed phosphor has high quantum 

efficiency it can be easily and effectively used for the therapy treatment. 

 A cyan-emitting persistent Sr2Zr2(SiO3)6 is developed in the fourth chapter and it is 

effectively utilized for dynamic anti-counterfeiting applications and plant growth 

applications. The dynamic anti-counterfeiting can be extended by combining this phosphor 

with suitable green, blue or red-emitting persistent phosphors. Due to the persistent 

emission of the above phosphor, it can be used for the in vivo bio-imaging application after 

checking its cytotoxicity. 
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ABSTRACT 

 
The thesis focused on the development of various non-rare earth-based inorganic oxide phosphors for 

various human and eco-centric applications. Chapter 1 provides a detailed description of the currently 

available Mn4+ and Cr3+ activated deep red/NIR emitting phosphor, and the advantages of rare earth-

free inorganic oxide phosphors are also elaborated. Further, the potential applications and various 

methods for red emission enhancements are also explained in detail. This introduction chapter also 

includes a brief idea of the current status, mechanism and various applications of self-activated persistent 

cyan-emitting phosphors. In Chapter 2, a novel a novel deep red-emitting (Mg, Ba)3Al2GeO8: Mn4+ 

phosphor developed from Mg3Ga2GeO8: Mn4+. The larger Ba2+ ions’ co-doping in Mg2+ sites caused 

structural distortions and generated new Ba impurity phases, which improved the Mn4+ 

photoluminescence further. The optimum composition Mg2.73Ba0.27Al2GeO8: Mn4+ exhibited deep red 

emission at 659 nm having 35 folds greater emission intensity than the base composition of 

Mg3Ga2GeO8: Mn4+. The emission matched with the absorption of chlorophylls liable for plants’ 

photosynthesis and the 100 % colour purity makes it a suitable red phosphor to enhance the colour 

rendering of commercial white LEDs. In Chapter 3, Mg3Al2GeO8: 0.01Cr3+ phosphors were developed 

with ultra-sharp emission band peaking at 693 nm having FWHM of around 4 nm. The emission 

intensity and the FWHM of the phosphor were increased by the substitution of alkaline earth metal ions 

and the Mg2.9Al2GeO8: 0.01Cr3+, 0.1Sr2+ showed greater emission intensity. Further, developed a series 

of Ga3+ co-doped Mg2.9(Al2-yGay)GeO8: 0.01Cr3+, 0.1Sr2+ samples and the Ga3+ substitution weakens the 

crystal field environment in [GaO6] that occupies Cr3+ ions. The combined emission from the multiple 

sites with strong and weak crystal field environments resulted in a broadband emission (630 nm to 1050 

nm) with an FWHM of ~150 nm that covers the first biological window region, showing the suitability 

for bio-imaging applications. Finally, various phosphor-converted LEDs are fabricated using 

commercial blue LEDs. The pc- LED produced by combining 410 nm LED with Mg2.9Al2GeO8: 

0.01Cr3+, 0.1Sr2+ phosphor having 100% colour purity could be used for display application. While the 

410 nm LED combined with Mg2.9(AlGa)GeO8: 0.01Cr3+, 0.1Sr2+ phosphor exhibited the potential for 

plant growth applications. In Chapter 4, a novel self-activating cyan-emitting persistent luminescence 

Sr2Zr2(SiO3)6 phosphor was developed. Under 284 nm excitation, the PL emission of the host exhibited 

broadband centred at 485 nm, originating from the Zr4+ ions and lattice defects. Additionally, the host 

shows a cyan persistent luminescence having a duration of 60s. The optimised vacuum-treated 

Sr2Zr2(SiO3)6: 12wt% NH4Cl, 0.02Bi3+
 phosphor exhibits enhanced persistent luminescence and has 

been used for dynamic anti-counterfeiting and security application by mixing with the red-emitting 

Mg3Al2GeO8: 0.005 Mn4+, 0.27Ba2+ phosphor. Furthermore, Sr2Zr2(SiO3)6: 12wt% 

NH4Cl/Mg3Al2GeO8: 0.005 Mn4+, 0.27Ba2+ mixture is used to develop a plant growth LED, covering 

the absorption spectra of plant pigments. 
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Abstract 

The currently available commercial white LEDs (WLEDs) produce cool white light 

due to the deficiency of red components. Hence the red emission from Mn4+-containing oxides 

inspired the development of high-colour rendering and cost-effective warm WLEDs. Aiming 

this fact, a series of new crystallographic site-modified Mg3(Al, Ga)2GeO8: 

Mn4+ compositions were developed with strong deep red emission in reaction to UV and blue 

lights for the development of WLEDs. The co-existing phases present in this composition 

contributed to the Mn4+ luminescence by providing additional octahedrons for Mn4+ 

occupancy. Further, these sites reduced the natural reduction probability of Mn4+ to Mn2+, 

which was confirmed using cathodoluminescence analysis. A cationic substitution strategy 

was employed on Mg3(Al, Ga)2GeO8: Mn4+  to improve the luminescence. The optimum 

composition Mg2.73Ba0.27Al2GeO8: 0.005Mn4+ shows 35 folds greater emission intensity than 

the reported Mg3Ga2GeO8: Mn4+. The optimum composition could retain 70% of its initial 

room temperature intensity at 450 K showing its higher thermal stability. A warm WLED with 

CCT of 3730 K and CRI of 89 was fabricated by combining the optimized red component 

with yellow emitting Y3Al5O12: Ce3+ and 410 nm blue-LED. Meanwhile, three red LEDs were 

also fabricated using the optimum red phosphor with commercial sources. 
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Abstract 
 

TiO2 is a non-toxic and an inexpensive wide-band-gap semiconductor which is having several 

practical applications such as dilute magnetic semiconductors, photo-catalysis, lithium-ion 

batteries and photo-electrochemical solar energy conversion [1]. It exists in three different 

crystal structures, namely anatase, rutile, and brookite and each structure has different physical 

properties. Among the three phases, rutile is the most stable phase under ambient conditions 

whereas anatase and brookite are metastable at all temperatures and will transform to rutile 

upon are heated. Some reports suggest that the stability of the different phases of TiO2 depends 

on the particle size, i.e, anatase phase is found to be stable if particles sizes are lesser than 11 

nm and rutile phase is stable if the particles sizes are greater than 35 nm while brookite is the 

most stable phase if the particles sizes are in between 11–35 nm. There also have been several 

results on TiO2 nanocrystals with different magnetic behavior depending on the different 

synthesis conditions reported by several co-workers. A room temperature ferromagnetism 

(RTFM) is observed in TiO2 nanoparticles whereas a perfect diamagnetism is observed in its 

bulk counterparts. However, the origin of RTFM is under debate because, some have reported 

the origin of RTFM is due to the intrinsic defects like oxygen vacancy or Ti interstitials while 

others have reported the nature as extrinsic arising from magnetic clusters due to the existence 

of mixed valance of Ti ions [2]. Very limited efforts have been made to compare the particle 

size as well as magnetic properties associated with the annealing temperature. Hence, in this 

work, we report variation of particle sizes with increase in reaction time of TiO2 nanoparticles 

derived by sol-gel technique associated with different annealing temperature and studied their 

magnetic and optical properties. Detailed analysis of magnetic and optical properties associated 

with the particle size variation will also be demonstrated.   
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a b s t r a c t 

Deep red-emitting phosphors are becoming the hot area of research during these times owing to their 

wide variety of applications in various fields, including lighting, display, imaging, and many others. The 

transition metal ions, especially Mn 4 + and Cr 3 + activated oxide phosphors possess admirable merits such 

as high chemical and thermal stability, eco-friendly preparation, and emission in the deep-red region. 

It is important to mention that Mn 4 + doped germanates usually show emission spectra peaking above 

650 nm. Thanks to this emissive property, germanates can be the best choice for display applications for 

providing a wide colour gamut in ultra-high-definition TV. Moreover, the emission of these phosphors can 

be extended to the near-infrared region with long persistence. Most of the reviews published on Mn 4 + 

activated phosphors concentrate on the white light-emitting diode applications. Whereas the reviews on 

Cr 3 + activated phosphors are focused on their persistent near-infrared emission. In this article, we mainly 

focused on the Mn 4 + and Cr 3 + -activated deep red-emitting germanate phosphors since octahedral Ge 4 + 

sites in germanates are ideal for accommodating these transition metal ions. We have thoroughly dis- 

cussed the crystal structure-dependant luminescence behaviour of the reported germanates. In addition 

to that, we have also discussed various methods for improving the luminescence properties of these tran- 

sition metal ions. Finally, we have presented possible potential applications of the reviewed phosphors. 

We believe that this article will give the insight to develop new deep red-emitting phosphors and it will 

be helping the researchers to improve the luminescence properties of different existing phosphors. After 

all, it will be good to make a better understanding of the reported work in this area in a short time. 

© 2021 Elsevier Ltd. All rights reserved. 

1. Introduction 

Red emitting phosphors have crucial roles in the areas of solid- 

state lighting, field emission displays, thermal sensors, solar cells, 

plant cultivation, bio-imaging, and many others [1–6] . The acti- 

vators used in the red-emitting phosphors can be sharp band 

red-emitting rare-earth ions (Eu 

3 + , Pr 3 + , Sm 

3 + ), broad-band red- 

emitting rare-earth ions (Eu 

2 + , Ce 3 + ), and the sharp band deep 

red-emitting transition metals (Mn 

4 + , Cr 3 + ). The sharp-band red- 

emitting phosphors produce a red colour with high quantum effi- 

ciency, which is eye sensitive for humans. However, the absence of 
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a wide excitation band in the ultra-violet (UV) or blue region lim- 

its their applications in light-emitting diodes (LEDs) [7] . The broad- 

band red-emitting phosphors such as nitrides, oxynitrides, silicates, 

aluminates, which are mostly activated by Eu 

2 + ions, have better 

LED applications while comparing with that of Eu 

3+ doped phos- 

phors. Nitrides hosts such as CaAlSiN 3 :Eu 

2 + and Sr 2 Si 5 N 8 :Eu 

2 + 

are known as efficient phosphors owing to their broad absorp- 

tion band, high luminescence intensity, and low thermal quenching 

[ 8 , 9 ]. However, these broad red-emitting phosphors possess either 

harsh synthesis conditions, high production cost, toxicity, or poor 

chemical and thermal stability [10] . Moreover, the inability of Eu 

2+ 

ions in producing emissions beyond 650 nm in the visible region 

and non-radiative loss due to the re-absorption phenomena fur- 

ther restrict their practical utility in several fields including agri- 

culture [11] . Eventually, the focus of the research community re- 

cently moved to the development of red-emitting phosphors acti- 

https://doi.org/10.1016/j.apmt.2021.101094 
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vated by transition metal ions such as Mn 

4 + , Mn 

2 + , Cr 3 + , and Bi 2 + 

[12–15] . In addition, a strong interest is grown in producing phos- 

phors, which exhibit broad absorption in the UV and blue regions 

and are able to emit sharp-band red or deep-red lights and emis- 

sion [ 12 , 16 , 17 ]. 

Amongst all the transition metal ions, Mn 

4+ ions may be the 

better choice for red-emitting phosphors since the spectral posi- 

tion of the red emission (600–790 nm) can be tuned by appro- 

priate modification in their crystal field environment as the po- 

sition of their emission peaks depends upon the host employed 

[ 16 , 17 ]. The intense absorption band in the UV and blue region is 

attributed to the spin-allowed 

4 A 2g → 

4 T 1g , 
4 T 2g transitions. The 

excited electrons in the 4 T 1g and 

4 T 2g states non-radiatively relax 

to the 2 E g state leading to a spin forbidden 

2 E g → 

4 A 2g transition, 

which is responsible for the red emission. Generally, Mn 

4 + ions 

prefer to occupy the octahedral site as they possess strong crys- 

tal field stabilization energy in an octahedral environment [ 16 , 17 ]. 

The Mn 

4 + ions can be very well substituted for Ga 3 + [18] , Al 3 + 

[11] , Ge 4 + [6] , Ti 4 + [19] , Sb 5 + [20] , Si 4 + [21] , Sn 

4 + [22] , Zr 4 + [23] , 

Ta 5 + [24] , Te 6 + [25] , Sc 3 + [26] , Nb 5 + [27] , W 

6 + [28] etc. in the 

unit cell, and thus, the covalency of Mn 

4 + -ligand bonding can be 

altered. 

Another deep red-emitting transition metal under consideration 

is Cr 3 + for synthesizing deep red-emitting phosphors. Although the 

Cr 3 + ion has the essentially same electronic configuration as the 

Mn 

4 + ion (i.e., 3 d 3 ), their electronic transitions are quite different 

[29] . In fact, Mn 

4 + -doped oxide and fluoride phosphors emit only 

red light caused by the 2 E 2 → 

4 A 2 transitions (strong crystal field) 

[30] , but Cr 3 + -doped oxide phosphors can emit red light caused 

by the 2 E 2 → 

4 A 2 transitions or deep red/far-red light caused by 

the 4 T 2 → 

4 A 2 transitions (weak crystal field) [31] . Similarly, Cr 3 + - 
doped fluoride phosphors emit only deep red or far-red light due 

to the 4 T 2 → 

4 A 2 transitions [32] . Comparing to Mn 

4 + activated 

hosts, Cr 3 + activated hosts have some other merits such as emis- 

sion in deep red and near-infrared (NIR) region, long persistence, 

etc. The long persistence of Cr 3 + doped phosphors in the NIR re- 

gion generates its applications in near-infrared bio-imaging, dark 

glow signage, photodynamic tumour therapy, night vision surveil- 

lance, etc. [33–35] . On the other hand, its emission in the deep-red 

region could facilitate the applications in solid-state lighting, plant 

photo-morphogenesis, solar concentrator, etc. [36–38] . 

Fluorides, oxides, and oxyfluorides are the three types of hosts 

where the Mn 

4 + ions can be doped efficiently. In particular, Mn 

4 + 

doped fluoride hosts are getting huge attention owing to their 

ability in producing intense red emission in the region of 600 

to 640 nm, high colour purity, broad excitation bands in the UV 

and blue regions [ 39 , 40 ]. Because of the eye-sensitive red-emitting 

nature below 640 nm, these materials are promising candidates 

for improving the colour rendering index (CRI) of white light- 

emitting diodes (W-LEDs) [41] . Eventually, these phosphors can 

be efficiently used for the backlighting in liquid-crystal displays 

(LCDs) and LEDs since the transmittance spectrum of the optical 

filters matches well with that of the narrow red emission produced 

by these phosphors [42] . Amongst the various fluoride composi- 

tions having the empirical formula of A 2 MF 6 :Mn 

4 + fluoride phos- 

phors ( A = alkali metal; M = Ge, Ti, Si, etc.), K 2 SiF 6 :Mn 

4+ and 

K 2 TiF 6 :Mn 

4 + are the popular phosphors for the W-LEDs applica- 

tion [ 43 , 44 ]. But the synthesis of these phosphors requires a highly 

corrosive HF solution. In addition, the obtained fluorides are suf- 

fering from low stability and have considerable moisture sensitiv- 

ity, which makes them inadequate for high-temperature applica- 

tions. Furthermore, the red emission from the Mn 

4 + -activated flu- 

orides usually gets saturated at a certain excitation power, which 

restricts their commercial utility [39] . Eventually, the highly elec- 

tronegative fluoride environment is also not favourable for tuning 

the red emission peak above 650 nm [45] . 

Meanwhile, the researchers have started to focus on oxyfluo- 

ride hosts, which combine the advantage of fluorides as well as 

oxides. In comparison with other hosts, oxyfluoride may possess 

non-centrosymmetric structures as the incorporation of the fluo- 

rine into the oxide sites will lead to a distortion of polyhedron 

coordination [46] . Furthermore, due to the similar ionic radii of 

the F − and O 

2- ions [47] , the formation of a stable anionic sub- 

lattice is possible in oxyfluorides, owing to which, oxyfluorides 

show excellent absorption and emission properties. These phos- 

phors are widely applicable in W-LEDs also in the areas of cat- 

alysts, batteries, UV shielding properties, etc. [48–51] . The most 

researched oxyfluoride material is Sr 3 AlO 4 F due to its easy syn- 

thesis, its better stability, and its excellent luminescence property. 

However, this host can be optically activated by Eu 

3 + ions only for 

producing red-orange emissions which have their own drawbacks 

including the lack of broadband absorption and emission nature, 

as mentioned earlier [49–51] . Hence the studies on Mn 

4 + doped 

oxyfluorides have gathered some attention for the last few years. 

Few red-emitting Mn 

4 + doped oxyfluorides phosphors such as 

BaNbOF 5 :Mn 

4 + [52] , Cs 2 NbOF 5 :Mn 

4 + [53] , Na 2 WO 2 F 4 :Mn 

4 + [54] , 

Rb 2 NbOF 5 :Mn 

4 + [55] , and Cs 2 WO 2 F 4 :Mn 

4 + [56] have been re- 

ported recently. Even though these phosphors exhibit satisfactory 

luminescence properties, they could not eliminate the usage of HF 

solution during their synthesis, make them imperfect in large-scale 

eco-friendly production. 

The oxide hosts bear more advantages due to the excellent 

thermal and chemical stability and outstanding material properties 

including hardness, larger transparency, etc. [57] . Compared with 

the oxyfluoride hosts, the oxide hosts exhibit stronger covalence, 

weaker polarizability, and lesser thermal vibration which make 

them favourable for attaining intense red emission [58] . Chen et al. 

reported that the Mn 

4 + ions in fluoride hosts are associated with 

the 2 E g value ranging from 626 nm to 635 nm [17] . While in ox- 

ide hosts, its range becomes wider from 652 nm to 713 nm ow- 

ing to the high covalency of oxides, and considerable shifting of 

energy levels due to the nephelauxetic effect [ 17 , 59 , 60 ]. Such a 

wide spectral range of Mn 

4+ ions in oxides can extend their appli- 

cation by taking the advantage of deep red emission. Furthermore, 

a solid-state synthesis is an easiest and adaptable method for syn- 

thesizing various Mn 

4 + -activated oxides since it includes simpli- 

fied stoichiometric mixing, grinding, and high-temperature heat- 

ing [10] . In the various oxide hosts, Mn 

4 + can easily be stabilized 

in aluminates, germanates, titanates, zirconates, niobates, arsenate, 

etc. [16] . Germanate-based phosphors are a promising host as they 

provide the most optimal octahedral sites for Mn 

4 + ions due to the 

same ionic radii and charge of Ge 4 + and Mn 

4 + ions [47] . The re- 

cent rising of germanates as the suitable hosts of Mn 

4 + ions for 

producing deep red emission above 650 nm attracted our focus to 

accomplish a detailed review of their progress as the prominent 

deep red-emitting phosphor systems. The development scheme of 

deep red-emitting phosphors from nitrides to Mn 

4 + /Cr 3 + activated 

germanates and gallates is represented in Fig. 1 . 

This review focuses on the Mn 

4 + and Cr 3 + activated germanates 

with deep red emission above 650 nm. Such deep red emission 

systems are highly capable of providing a larger colour gamut and 

thereby accomplish the parameter values for ultra-high-definition 

television systems according to ITU-R BT.2020–2 recommendations 

[6] . So far, some interesting germanate host systems have been 

proposed from the formulas of A 

–Ge –O and M 

–Ge –O ( A = Alkali 

metal; M = alkaline-earth metal), which can emit deep red emis- 

sions in the desired wavelength region under UV and blue exci- 

tation. Although these germanates are generated using the same 

chemical formula, however, their crystal arrangements are not sim- 

ilar. This is because of the fact that the crystal structure mainly 

depends on the size of the monovalent cations at the A or diva- 

lent cations at the M site as well as on the bond length of Ge –O. 
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Fig. 1. Development scheme of deep red-emitting phosphors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 

Hence, there are decent possibilities for finding new phosphors 

based on the alkali- or alkaline-earth germanate system depend- 

ing upon a suitable search for one or a combination of alkali or 

alkaline-earth metal ions. Therefore, we emphasize the structural 

and spectroscopic properties of Mn 

4 + and Cr 3 + activated deep-red 

emitting germanates for some of their special characteristic fea- 

tures, which are discussed in Sections 3 and 4 of this review ar- 

ticle. Additionally, we have also discussed the various techniques 

employed to enhance the red emission like synthesis methodolo- 

gies, crystal structure, the role of activator, dopant concentration, 

temperature, etc. Simultaneously, the electronic properties of tran- 

sition metal ions of these germanate phosphors have also been 

presented. Also, some of the important applications and future per- 

spectives of these germanate phosphors are discussed in the last 

part. 

2. Basic ionic configurations of Mn 

4 + and Cr 3 + ions 

The general electronic configuration of both Mn 

4 + and Cr 3 + 

is 1s 2 2s 2 2p 

6 3s 2 3p 

6 3d 

3 , while their ground state valence elec- 

tronic configuration in an octahedral environment is t 2g 
3 e g 

0 . This 

half-filled t 2g 
3 orbital provides extra stability to manganese and 

chromium in their + 4 and + 3 oxidation state, respectively. More- 

over, the fascinating electronic, magnetic, and spectroscopic prop- 

erties of these metal ions are possible due to their favourable elec- 

tronic configuration. There will be 8 LS terms originating from the 

Coulomb interaction that occurs between the electrons in the un- 

filled d orbitals and they were generally denoted by 2S + 1 L. Here 

“L” represents the total angular momentum while “S” stands for 

the total spin. The eight LS terms denoted by 4 F, 4 P, 2 G, 2 P, 2 D (1) , 
2 F, 2 D (2) , and 

2 H are consisting of two spin quarters, and six spin 

doublets. According to Hund’s rule, the first term 

4 F corresponds 

to the ground state while the remaining terms correspond to the 

excited states [ 61 , 62 ]. Further, each term is found to be degenerate 

to (2S + 1) (2L + 1) states and the number of degenerate states for all 

the 8 terms will give rise to 120 possible combinations. Hence, the 

three electrons can be distributed in the 3d orbitals in 120 ways 

[ 61 , 62 ]. The energy values of the LS coupling terms in the d 3 elec- 

tronic configuration are provided in terms of the Racah parameters 

B and C in Table 1 [ 61 , 62 ]. By substituting the Racah parameter 

values of Cr 3 + , Mn 

4 + , Fe 5 + , and V 

2 + free ions given in Table 2 , the 

energy values for 8 LS terms for each of these ions having a d 3 

system are estimated and illustrated in an energy level diagram 

in Fig. 2 . The splitting of LS terms and energy position of the split 

sublevels highly depend on the strength and symmetry of the crys- 

tal field. The splitting of LS terms of Mn 

4 + , Cr 3 + , and all other ions 

having d 3 or d 7 electronic configuration is listed in Table 3 [62] . 

Table 1 

Energies of eight electrostatic terms (LS terms) in the d 3 system in terms of B 

and C taking the energy of ground-level 4 F as zero. Adapted from Ref. [62] . 

Term(s) Energy 

4 F 0 
4 P 15 B 
2 P 9 B + 3 C 
2 D (1), 

2 D (2) 20 B + 5 C ±√ 

193 B 2 + 8 BC + 4 C 2 

2 F 24 B + 3 C 
2 G 4 B + 3 C 
2 H 9 B + 3 C 

Table 2 

The Racah parameters values of free ions having d 3 electronic configuration. 

Adapted from Ref. [62] . 

Ion B (cm 

−1 ) C (cm 

−1 ) 

V 2 + 766 2855 

Cr 3 + 918 3850 

Mn 4 + 1160 4303 

Fe 5 + 1210 5066 

Fig. 2. Energy levels diagram of the free V 2 + , Cr 3 + , Mn 4 + , and Fe 5+ ions by taking 

the energy of ground state energy as zero. Adapted from Ref. [62] . 

Table 3 

Splitting of LS terms of the d 3 (or d 7 ) configuration in the O h or T d group. 

Adapted from Ref. [62] . 

The electrostatic terms T d or O h groups irreducible representation 

P-term ( L = 1) T 1 
D-term ( L = 2) T 2 + E 

F-term ( L = 3) A 2 + T 1 + T 2 
G-term ( L = 4) A 1 + E + T 1 + T 2 
H-term ( L = 5) E + 2T 1 + T 2 

3 
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Fig. 3. Simplified T-S diagram in the octahedral crystal field for ions having d 3 elec- 

tronic configuration. Adapted from Ref. [57] . 

2.1. Simplified Tanabe-Sugano (T-S) energy level diagrams of Mn 4 + 

and Cr 3 + 

The simplified T-S diagram shown in Fig. 3 represents the split- 

ting of the energy levels of Mn 

4+ and Cr 3+ ions in an ideal octahe- 

dral environment. The energy difference between the ground state 
4 A 2g and the excited state 4 T 2g is 10D q (D q is the crystal field in- 

tensity). For a Dq/B value less than 2.1, the first excited state is 
4 T 2g , and after that 2 E g becomes the first excited state, as repre- 

sented in Fig. 3 . The strong and weak crystal fields can be distin- 

guished in the T-S diagram by a point at which the 4 T 2g and 

2 E g 
levels intersect, as marked in Fig. 3 . The separation between the 
4 A 2g ground state and the 2 E g and 

2 T 1g states is practically inde- 

pendent of crystal field strength Dq. While Cr 3 + ion can experi- 

ence both strong as well as weak field environments, Mn 

4 + ion, on 

the other hand, experiences only a strong field environment be- 

cause of its larger positive charge [ 62 , 63 ]. A general energy level 

diagram of Mn 

4 + and Cr 3 + in a strong field environment is shown 

in Fig. 4 (a) The bands arising from the ground state, 4 A 2g → 

2 E g , 
2 T 1g , 

4 T 2g , 
2 T 2g , 

4 T 1g are called R line, R’ line, U band, B, line, 

and Y band, respectively. The ions from the higher excited states 

come down to 2 E g excited state through non-radiative transition, 

and then their transition from the 2 E g state to the ground state 

results in emission [63] . In the case of Mn 

4+ ion, as already dis- 

cussed, the sharp emission peak corresponds to the spin forbid- 

den 

2 E g → 

4 A 2g transition. Depending upon the crystal field en- 

vironment, the spectral position of this transition can vary over a 

wide range of 620 to 723 nm. Also, the two broad excitation bands 

correspond to the spin-allowed transitions of 4 A 2g → 

4 T 1g ( 4 F) 

and 

4 A 2g → 

4 T 2g . Another spin allowed transition is 4 A 2g → 

4 T 1g 

( 4 P), however, it is generally covered by the host absorption as 

well as the charge transfer [ 17 , 59 , 60 ]. For a case study, we used 

Mn 

4 + doped NaMgGdTeO 6 phosphor [64] , and the energy level di- 

agram consisting of all possible transitions in Mn 

4+ is shown in 

Fig. 4 (b). Here the electrons from the higher excited 

4 T 1g , 
2 T 2g , 

and 

4 T 2g states may relax to the lower excited 

2 E g state through a 

non-radiative transition and then completely transfer to the ground 

state resulting in a deep red emission [ 17 , 64 ]. Similarly, for Cr 3 + 

ion, let us consider an example of Cr 3 + -doped ZnGa 2 O 4 phosphor 

with the energy level diagram consisting of all possible transitions 

in Cr 3 + shown in Fig. 5 [65] . Here the substitution of Al 3 + ions in 

the Ga sites does not make any changes in the diagram except a 

slight upward shift in the conduction band (represented in green 

colour). The excitation of electrons from the ground state to ex- 

cited states or 4 T 1 ( 4 P) in the conduction band leads to its trap- 

ping which facilitates the persistence in these phosphors. The non- 

radiative relaxation occurs to the 2 E g state and the transition from 

this state to the ground state results in a red emission [65] . 

2.2. Crystal field analysis 

As we already discussed, the Racah parameters B and C are the 

characteristics of an oxide ion within a metal oxide compound. The 

introduction of the Mn 

4 + and Cr 3 + ions in the crystal field results 

in the formation of the chemical bond between the metal 3d or- 

bitals and the ligands resulting in the nephelauxetic effect. Sub- 

sequently, the hybridization between these metal ions and ligands 

becomes maximized resulting in the reduction of the Racah pa- 

rameters. Irrespective of the same Mn 

4 + and/or Cr 3 + ionic doping, 

the reduction in the Racah parameters are found to be different 

for each host, causing a wide variation in the energy value of their 

emission peak [59] . Considering the case of Mn 

4 + -activated fluo- 

ride phosphors, the emission peak lies in the range of 620–640 nm 

owing to the comparatively weak hybridisation effect [66] . How- 

ever, in the case of oxides, the emission peak lies above 650 nm 

due to a strong hybridisation effect [66] . Hence, it can be con- 

cluded that the position of the 2 E g level of Mn 

4 + and Cr 3 + highly 

depends on the covalency, nature of ligands, and bond angle in 

chemical bonds [ 59 , 60 , 67 , 68 ]. The energy level difference between 

4 A 2g and 

4 T 2g of Mn 

4 + and Cr 3 + is 10D q , which can be represented 

as follows [67] , 

10 Dq = 

K 

R 

n 
(1) 

here R is the bond length between the cation and the ligand, while 

n and K are the fitting parameters. The value of power ‘n’ de- 

pends on the nature of ligands, the geometry of the complex, etc. 

Depending upon the systems, it varies from 3.5 to 7.3 – as was 

shown by many quantum-chemical calculations [ 67 , 69–71 ]. Oga- 

sawara et al. estimated the value of n and K for CrO 6 and MnO 6 

clusters and observed that the value ‘n’ for Cr 3 + is greater than 

Mn 

4 + showing that the 10Dq value of Cr 3+ ions is more sensitive 

to bond length in comparison with Mn 

4 + ions [63] . The nephelaux- 

etic ratio ( β1 ) can be introduced for predicting the position of the 

emission spectrum since the 2 E g level (generally for Mn 

4 + ) can be 

written as the linear function of this parameter. The nephelauxetic 

ratio can be estimated using the following equation [ 59 , 72 , 73 ], 

β1 = 

√ (
B / B 0 

)2 

+ 

(
C / C 0 

)2 

(2) 

where B 0 and C 0 represent the values of Racah parameters of free 

Mn 

4 + ions. 

The value of D q can also be estimated from the absorption spec- 

trum using the equation, 

D q = E 

(
4 A 2g → 

4 T 2g 

)
/ 10 (3) 

The Racah parameter B can be obtained from the absorption 

spectra by considering the peak energy difference between the two 

transitions 4 A 2g → 

4 T 1g and 

4 A 2g → 

4 T 2g . The equation used for 

calculation [ 64 , 73 ] 

D q 

B 

= 

15 ( x − 8 ) 

x 2 − 10 x 
(4) 

where the parameter x is given by 

x = 

[
E 

(
4 A 2g → 

4 T 1g 

)
− E 

(
4 A 2g → 

4 T 2g 

)]
/ D q (5) 

The Racah parameter C can also be calculated from the emis- 

sion spectrum using the peak energy value from the 2 E g → 

4 A 2g 

transition and the obtained B value [ 64 , 73 ]. 

E 

(
2 E g → 

4 A 2g 

)
/ B = 3 . 05C / B + 7 . 9 − 1 . 8B / D q (6) 
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Fig. 4. (a) General energy level diagram for Mn 4 + and Cr 3 + . Adapted from Ref. [63] ; (b) Typical energy level diagram of Mn 4 + showing excitation and emission (NR repre- 

senting non-radiative transition). Adapted from Ref. [64] . 

Fig. 5. Typical energy level diagram for Cr 3 + . (NR representing non-radiative tran- 

sition) Adapted from Ref. [65] . 

The T-S diagram is used for interpreting the optical spectra and 

the splitting of energy levels however it is not applicable for crystal 

fields having lower symmetry than cubic. Hence a method can be 

used by finding the eigenvalues of the crystal field Hamiltonian. 

The eigenvalues of the following crystal field Hamiltonian can be 

used for representing the energy levels of impurity ions with the 

D -electron shell ( p = 2, 4) and f -electron shell ( p = 2, 4, 6) (in our 

case, Mn 

4 + and Cr 3 + ions having d 3 electronic configuration) in a 

crystal field of arbitrary symmetry [74] . 

H = 

∑ 

p=2 

p ∑ 

k = −p 

B 

k 
p O 

k 
p (7) 

where the B k p represents the crystal field parameters which are ob- 

tained from the crystal structure data and the O 

k 
p is the linear com- 

bination of appropriately selected tensor operators which were act- 

ing on the angular part of the dopant ion’s wave function. Thus, it 

can be concluded that these parameters include all the geomet- 

rical and structural characteristics of the host lattice. The crystal 

field parameters B k p , with reference to the Exchange Charge Model 

(ECM), can be written as [75] , 

B 

k 
p = B 

k 
p,q + B 

k 
p,S (8) 

B 

k 
p,q = − K 

k 
p e 

2 〈 r p 〉 ∑ 

i 

q i 
V 

k 
p ( θi , ϕ i ) 

R 

p+1 
i 

(9) 

B 

k 
p,S = K 

k 
p e 

2 2 ( 2 p + 1 ) 

5 

∑ 

i 

( G s S ( s ) 
2 
i + G σ S ( σ ) 

2 
i 

+ γp G π S ( π) 
2 
i ) 

V 

k 
p ( θi , ϕ i ) 

R i 

(10) 

The term B k p,q describes the electrostatic interaction between 

the dopant valence electrons and the host metal ions while the 

term B k 
p,S 

represents the overlap integral of wave functions of the 

dopant ion and the ligands. The summations are performed over 

the lattice ions i with charge q i , R i , θ i , and ϕi denote the spherical 

polar coordinates of the i th ion of the crystal lattice in the refer- 

ence system centred at the dopant ion. Here, the average 〈 r p 〉 of 

the p th power of electron radial coordinate ( r ) can be calculated 

using the radial parts of the wave function of 3d orbitals. The val- 

ues of the various constants like K 

k 
p , γp , and V k p are provided in ref- 

erence [75] . The overlapping integrals between D -functions of the 

dopant ion, and the s - and p -functions of the ligands having dif- 

ferent ‘ l ’ and ‘ m ’ quantum numbers are defined in terms of S s , S σ , 

and S π ; where (in 〈 lm | ′ , m 

′ 〉 notation) S s = 〈 d0|s0 〉 , S σ = 〈 d0|p0 〉 
and S π = 〈 d1|p1 〉 . G s , G σ , and G π represent the dimensionless ad- 

justable parameters obtained from the positions of the first three 

absorption bands of the given crystal. It is possible to approximate 

G s = G σ = G π = G , thereby reducing the number of parameters 

which is a key feature of the ECM approach. The value of G could 

be obtained by fitting the position of the calculated first absorp- 

tion band to the observed first absorption band. The superiority of 

the ECM is that if the G parameter is determined to fit the first 

absorption band, the other higher energy levels will also fit exper- 

imental spectra quite well [74] . Brik et al. carried out the crystal 

field analysis for KAl(MoO 4 ) 2 :Cr 3 + [74] . Here the Cr 3 + ion is en- 

tering into the octahedral Al 3 + site. The energy value obtained for 
2 E g ( 

2 G) from ECM is 13,516 cm 

−1 which is very close to the ex- 

perimental value (13,512 cm 

−1 ). All other energy values obtained 

using ECM are also well matching with the experimental data [74] . 

2.3. Configuration coordinate model 

The electron-phonon interaction of Cr 3 + and Mn 

4 + ions with 

the lattice vibrations can very well be analysed using the config- 

urational coordinate model. The model assumes that the local en- 

vironment of Cr 3 + and Mn 

4 + ions vibrate harmonically about their 

mean position. Fig. 6 shows the potential energies of the electronic 

states expressed as a function of the vibrational coordinate for the 

case of a strong crystal field. The electron-phonon interaction plays 

a vital role in the absorption and emission processes taking place 

at the impurity centre. Consequently, the photoluminescence exci- 

tation (PLE) and photoluminescence (PL) spectra of Cr 3 + and Mn 

4 + 

in solids can be explained using Frank-Condon analysis with the 

configurational coordinate model. Here the positions of excitation 

and emission lines are given as [ 57 , 76 , 77 ], 

h νex = E ZPL + kh νp , ex (11) 

h νem 

= E ZPL − lh νp , em 

(12) 
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Fig. 6. Configuration coordinate model representing typical PL emission and ab- 

sorption transition along with the schematic representation for the PL and PLE spec- 

tra of the Mn 4 + -activated oxide phosphor ( S = Stokes; a- S = anti-Stokes). Adapted 

from Ref. [57] . 

where, h νp,ex and h νp,em 

represent the lattice vibrational quanta 

for the excited and ground state, respectively. The absorption and 

emission bands could be considered as consisting of several lines 

representing the transitions between the vibrational levels, for ex- 

ample, the vibrational level l of the ground electronic state, and 

k of the excited electronic state. Using the Configurational Coordi- 

nate model, the spectral distribution of the excitation and emission 

spectra could be illustrated as [57] , 

I PLE ( E ) = 

∑ 

n 

I ex 
n ( n ) exp 

[
− ( E − E ZPL − nh νp, ex ) 

2 

2 σ 2 
ex 

]
(13) 

I PL ( E ) = 

∑ 

n 

I em 

n ( n ) exp 

[
− ( E − E ZPL + nh νp, em 

) 
2 

2 σ 2 
em 

]
(14) 

where, 

I ex 
n ( n ) = I ex 

0 exp ( −S ) 
S n 

n ! 
(15) 

I em 

n ( n ) = I em 

0 exp ( −S ) 
S n 

n ! 
(16) 

where, I ex 
0 

and I em 

0 
represent the ZPL intensity, S , the mean local 

vibrational number, and σex and σem 

represent the broadening en- 

ergy of each Gaussian component [57] . 

3. Mn 

4 + -activated deep red-emitting germanate phosphors 

The literature available on different Mn 

4 + -activated hosts is 

represented in Fig. 7 (a). Since the red-emitting fluoride host has 

some unavoidable drawbacks (mentioned earlier), the search for a 

new efficient phosphor ends up with Mn 

4 + -activated red-emitting 

oxide hosts. Nowadays, major studies on oxides are taking place 

in between aluminates [11] , titanites [61] , germanates [6] , pyro- 

silicates [61] , Perovskites [28] , double perovskites [ 24 , 57 ], etc. 

( Fig. 7 (b)). Amongst the different oxide hosts, aluminates, titanates, 

and germanates are getting more research interests because of the 

similar ionic radii of Al 3 + (Al VI : 0.535 Å), Ti 4 + (Ti VI : 0.605 Å), and 

Ge 4 + (Ge VI : 0.530 Å) with that of Mn 

4 + (Mn 

VI : 0.530 Å) in an oc- 

tahedral environment [47] . In an octahedral environment, the d - 

orbital splits into three-fold degenerate t 2g and two-fold degener- 

ate e g states, and the three valance electrons of Mn 

4 + occupy the 

lower t 2g energy level. The crystal field splitting creates a large 

energy splitting between t 2g and e g states leading to the crys- 

tal field stabilization of Mn 

4 + in the octahedral environment [78] . 

Fig. 8 shows the trigonal crystal structure considering the occupa- 

tion of Mn 

4 + in the tetrahedral and octahedral environments. Here 

Ge 4+ ions coordinate with four oxygen atoms to form a tetrahedron 

and coordinates with six oxygen atoms to form the octahedron. 

Mostly Mn 

4 + occupies the octahedral sites provided by the Ge 4 + . 
Comparing to titanites, aluminates, and even other Mn 

4 + doped 

oxide hosts, germanates are even more superior due to their struc- 

tural stability. Even though the octahedral sites of Mn 

4 + can be 

easily replaced by the Al 3 + ions, these systems require the use of 

a charge compensator owing to the ionic mismatch between Al 3 + 

and Mn 

4 + ions. The charge imbalance between these two ions pro- 

motes some electronic defects which not only reduce the intensity 

of emission but also affect the emission profile of Mn 

4 + . Consider- 

ing aluminates, their covalency is higher (greater than germanates) 

which leads to the decrease of interactions amongst electrons and 

results in the spread out of electrons over wide orbitals [80] . Since 

charge defects are unfavourable for luminescence intensity, high 

temperature and long calcination time are required during their 

synthesis although it is not economically favourable [ 80 , 81 ]. On 

the other hand, Mn 

4 + and Ti 4 + have the same ionic charges, and 

this charge equivalency helps in eliminating electronic defects as 

well as the incorporation of charge compensator. However, small 

differences in their ionic sizes (0.065 Å) are sufficient to perturb 

the symmetry distortion in their crystal lattice thereby lowering 

the stability of the titanium host. In comparison with the Al 3 + and 

Ti 4 + , Ge 4 + ion has the same ionic radii and charge as that of Mn 

4 + 

ion, and thus doping of Mn 

4+ does not make any charge imbal- 

ance and symmetry distortion of the crystal lattice. This charge 

equivalency helps in eliminating electronic defects as well as the 

incorporation of charge compensator. Further, the use of energy- 

consuming experimental conditions can also be avoided due to the 

lack of these charge defects. To confirm the site suitability in ger- 

manates mathematically, a parameter called effective compensat- 

ing factor can be used in six coordinated environments which can 

be defined as ϕ = z / r where z is the ionic charge, and the r is the 

ionic radius in that octahedral environment. This value for Mn 

4 + 

and Ge 4 + is found to be the same (7.54) [ 47 , 81 ]. The emission in- 

tensity of Mn 

4 + -activated phosphors highly depends upon its lo- 

cal symmetry, that is presence or absence of an inversion centre 

at the Mn 

4 + site [82] . Ji et al. reported Mn 

4 + -activated double- 

perovskite structural La 4 Ti 3 O 12 , which possesses a slightly- and 

highly-distorted Ti(1)O 6 and Ti(2)O 6 octahedra, respectively [83] . 

The Mn 

4 + ion occupying Ti(1) site possesses a centre of inversion 

with symmetry of C 3i , while the Mn 

4 + ion occupying Ti(2) site has 

a reduced symmetry of C 3 . High distortion in Ti(2)O 6 octahedra 

makes MnTi(2) less stable than the MnTi(1) by 0.09 eV as calcu- 

lated from the density functional theory (DFT). As a result, the ra- 

tio of the zero-phonon line (ZPL) with vibronic emission intensity 

of MnTi(2) is larger than those of MnTi(1) [83] . The list of synthe- 

sis parameters, crystal structure and space groups of most of the 

recently reported germanates are tabulated in Table 4 , and their 

spectroscopic parameters are tabulated in Table 5 . 

3.1. Alkali metal-based germanate system 

The alkali germanate systems can be represented as A 

–Ge –O, 

where A represents the alkali metals such as Li, K, and Rb. Ini- 

tially, the studies were concentrated on the A 2 Ge 4 O 9 alkali ger- 

manate system. In 2015, Kunitomo and co-workers synthesized 
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Fig. 7. Chart showing the available literature on different Mn 4 + activated (a) hosts and (b) oxide hosts. (Based on the literature collected from the Web of Science published 

during January 20 0 0-December 2020). 

Fig. 8. Structure of trigonal crystal structure with the occupation of Mn 4 + in octahedral and tetrahedral sites drawn using the VESTA software [79] . 

Table 4 

Synthesis parameters, crystal structure and space groups of Mn 4 + -doped germanate phosphors. 

Germanates Temp.( °C) Holding time(h) Optimal Mn conc.(mol%) Crystal structure Space group Ref 

K 2 BaGe 8 O 18 1050 6 0.2 Hexagonal P3c1 [ 66 , 151 ] 

BaAl 2 Ge 2 O 8 1200 2 0.1 Monoclinic 12/C [105] 

BaGe 4 O 9 1100 10 2 Trigonal P321 [107] 

BaGe 4 O 9 1100 6 0.5 Trigonal P321 [106] 

Ba 2 GeO 4 1400 4 0.6 Orthorhombic Pnma [102] 

Ba 2 MgGe 2 O 7 1000 6 1.3 Tetragonal P42m [104] 

Ba 2 TiGe 2 O 8 1050 6 0.6 Orthorhombic Cmm2 [103] 

K 2 Ge 4 O 9 850 4 0.08 Trigonal P ̄3 c1 [91] 

K 2 Ge 4 O 9 800 4 0.4 Trigonal P ̄3 c1 [94] 

K 2 Ge 4 O 9 900 6 0.1 Trigonal P ̄3 c1 [90] 

K 2 Ge 4 O 9 900 6 0.2 Trigonal P ̄3 c1 [93] 

K 2 MgGeO 4 920 8 0.4 Orthorhombic Pnma [95] 

La 3 GaGe 5 O 16 1300 12 0.25 Triclinic p2 1 /c [110] 

La 2 MgGeO 6 1400 6 0.2 Hexagonal R3H [109] 

LiAlGe 2 O 6 900 8 0.6 Trigonal P-3m1 [112] 

LiGaGe 2 O 6 900 8 0.6 Monoclinic P21/c [112] 

Li 2 MgGeO 4 920 8 0.4 Orthorhombic Pnma [95] 

Li 2 Ge 4 O 9 900 6 0.2 Orthorhombic P21ca [93] 

Li 2 Ge 4 O 9 800 6 0.3 Orthorhombic Pcca [86] 

LiNaGe 4 O 9 900 6 0.2 Orthorhombic Pcca [93] 

Li 3 RbGe 8 O 18 800 4 0.5 Trigonal P ̄3 1 m [6] 

Mg 3 Ga 2 GeO 8 1300 6 0.5 Orthorhombic Imma [111] 

Mg 7 Ga 2 GeO 12 1400 10 0.5 Orthorhombic Cmmm [113] 

Mg 2 GeO 4 1250 5 0.1 Orthorhombic Pnma [98] 

Mg 14 Ge 5 O 24 1300 8 1 Orthorhombic Pbam [80] 

Mg 3.5 Ge 1.25 O 6 1000 3 0.5 Orthorhombic Pbam [132] 

Mg 3 Y 2 Ge 3 O 12 1350 6 1 Cubic Ia ̄3 d [115] 

Mg 6 ZnGa 2 GeO 12 1400 5 1 Orthorhombic Cmmm [114] 

Rb 2 Ge 4 O 9 800 4 0.4 Trigonal P ̄3 C1 [94] 

SrGe 4 O 9 1100 6 0.5 Trigonal P321 [106] 
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Table 5 

Spectroscopic properties of some of the important germanates. 

Germanates CIE QE (%) λem (nm) λexc (nm) 2 E g (cm 

−1 ) 4 T 2g (cm 

−1 ) 4 T 1g (cm 

−1 ) D q (cm 

−1 ) B(cm 

−1 ) C(cm 

−1 ) Ref 

K 2 BaGe 8 O 18 (0.702, 0.298) 32.9 666 468 15,015 21,645 28,571 2164 654 3345 [66] 

BaAl 2 Ge 2 O 8 (0.720, 0.279) 28 668 288 15,345 19,443 26,543 1945 690 3390 [ 105 , 151 ] 

BaGe 4 O 9 – 61 666 335,465 15,015 20,408 29,411 2040 740 2980 [107] 

Ba 2 GeO 4 0.7187, 0.281 22.5 667 290 14,990 19,847 26,624 1985 650 3360 [ 102 , 151 ] 

Ba 2 MgGe 2 O 7 (0.721, 0.279) 14.3 660 289 15,563 22,025 30,255 2205 805 3190 [ 104 , 151 ] 

Ba 2 TiGe 2 O 8 (0.719, 0.281) 35.6 666 300 14,990 20,492 25,414 2050 445 3820 [ 103 , 151 ] 

K 2 Ge 4 O 9 (0.719, 0.280) 57.8 664 300,450 15,060 22,271 31,250 2227 900 2821 [93] 

K 2 MgGeO 4 – – 667 310,470 15,232 18,556 24,365 1855 545 3675 [95] 

La 3 GaGe 5 O 16 – 68 660 330 15,151 21,413 30,303 2141 856 2947 [110] 

La 2 MgGeO 6 – – 708 320 14,124 21,551 29,761 2155 807 2719 [109] 

LiAlGe 2 O 6 (0.72, 0.27) 32 671 289 14,885 18,879 23,558 1890 425 3840 [ 112 , 151 ] 

LiGaGe 2 O 6 (0.72, 0.27) 15 669 289 14,942 18,395 23,881 1840 510 3660 [ 112 , 151 ] 

Li 2 Ge 4 O 9 (0.723, 0.277) 30.7 669 330,450 14,947 22,522 29,069 2252 608 3423 [93] 

Li 2 MgGeO 4 (0.699, 0.300) – 671 323,470 15,167 17,749 21,783 1775 365 4080 [ 95 , 151 ] 

LiNaGe 4 O 9 (0.723, 0.278) 58.9 661 330,450 15,128 22,371 28,571 2237 571 3566 [93] 

Li 3 RbGe 8 O 18 – – 667 460 14,998 19,201 23,558 1920 390 3950 [6,151 

Mg 3 Ga 2 GeO 8 (0.295, 0.677) 64.7 659 419 15,401 21,138 25,817 2115 420 4015 [ 111 , 151 ] 

Mg 7 Ga 2 GeO 12 (0.713, 0.287) 28.1 660 420 15,426 20,815 24,920 2080 365 4150 [ 113 , 151 ] 

Mg 2 GeO 4 – – 659 303,420 15,635 20,654 25,252 2065 415 4110 [ 98 , 151 ] 

Mg 14 Ge 5 O 24 (0.62, 0.29) 81 659 422 15,603 20,331 24,607 2035 380 4170 [ 80 , 151 ] 

Mg 3.5 Ge 1.25 O 6 – – 660 405,450 15,522 20,573 25,414 2055 435 4015 [ 132 , 151 ] 

Mg 3 Y 2 Ge 3 O 12 – 64 658 288,421 15,595 21,944 27,269 2195 480 3930 [ 115 , 151 ] 

Mg 6 ZnGa 2 GeO 12 (0.717, 0.283) – 660 420 15,385 21,380 25,978 2140 410 4030 [ 114 , 151 ] 

Rb 2 Ge 4 O 9 – – 657 345 15,240 18,475 23,800 1850 495 3800 [94] 

SrGe 4 O 9 (0.71, 0.29) 46 670 430 15,240 19,766 26,785 1975 680 3380 [ 106 , 151 ] 

red-emitting orthorhombic Li 2 Ge 4 O 9 :Mn 

4 + using a glass-ceramic 

route [84] . It has a slightly distorted GeO 6 octahedron connected 

with [GeO 3 ] n -chains to form a three-dimensional framework and 

shows a sharp emission peak at a wavelength of 670 nm [84] . But 

the thermal quenching even below 100 °C makes Li 2 Ge 4 O 9 :Mn 

4 + 

inappropriate for several practical applications. Odawara et al. 

prepared nanocrystals of Li 2 Ge 4 O 9 :Mn 

4 + by employing a mod- 

ified glass-ceramic route wherein they used YAG laser irradia- 

tion operated at 1064 nm [85] . Cao et al. used a conventional 

solid-state method with the usage of flux to synthesize this 

Li 2 Ge 4 O 9 :0.003Mn 

4 + phosphor for W-LED application with a high 

quantum yield and deep red emission [86] . All the raw mate- 

rials along with the flux were taken in the stoichiometric ratio 

and grounded and heated at a temperature of 800 °C for 6 h. 

The obtained phosphor has a quantum yield of 80.3%, and good 

thermal stability better than the K 2 SiF 6 :Mn 

4 + sample. At 300 °C, 

Li 2 Ge 4 O 9 :0.003Mn 

4 + could maintain 42% of its initial room tem- 

perature intensity. But at the same temperature, the emission 

intensity of K 2 SiF 6 :Mn 

4 + dropped to 18% of its initial intensity 

[86] . Further, they have also studied the water resistance prop- 

erty of Li 2 Ge 4 O 9 :0.003Mn 

4 + and compared the outcomes with 

K 2 SiF 6 :Mn 

4 + . Under the same experimental condition, the red 

emission of K 2 SiF 6 :Mn 

4 + reduced from 100% to 32% but no change 

in intensity is reported in the case of Li 2 Ge 4 O 9 :0.003Mn 

4 + show- 

ing its superior moisture resistance [86] . 

The luminescence spectrum of tetra germanate 

LiNaGe 4 O 9 :Mn 

4 + phosphor is initially studied by Omel’chenko and 

co-workers wherein they observed a strong red and weak yellow- 

green emission [87] . Later, Suzuki et al. studied the effect of Na 

substitution on the luminescence properties of LiNaGe 4 O 9 :Mn 

4 + 

phosphors [88] . They have prepared Li 2- x Na x Ge 4 O 9 :Mn 

4 + samples 

using a glass-ceramic technique by melting the raw materials 

in the required stoichiometric ratio at 1200 °C for 30 min. The 

substitution of Na at the Li site helps in improving the quenching 

temperature as well as the quantum yield of the obtained phos- 

phor. The same research group has also prepared LiNaGe 4 O 9 :Mn 

4 + 

by the solid-state method which shows greater quantum yield and 

better colour purity [88] . This might be due to the suppression 

of crystal defects when prepared through solid-state synthesis 

at high temperatures resulting in the reduction of non-radiative 

transition [88] . Solid-state synthesized LiNaGe 4 O 9 :0.05%Mn 

4 + 

with a high quantum yield of 78% has been reported by Li and 

co-workers [89] . To get the best performance of the phosphor 

they optimised synthesis condition at 850 °C for 3 h with 0.05% 

Mn 

4 + . The emission peak consists of the strongest peak at 661 nm 

in the deep-red region along with some shoulder peaks centred 

at 6 6 6, 676, 682, and 687 nm. These peaks are attributed to the 
2 E g → 

4 A 2g transition of Mn 

4 + ions in the octahedral environ- 

ment and its vibronic sidebands. The broad excitation spectrum 

is observed in the UV and blue region and peaks were centred 

at 295 nm due to the spin allowed 

4 A 2g → 

4 T 1g and 462 nm 

due to spin allowed 

4 A 2g → 

4 T 2g transitions, respectively. The 

emission intensity of this phosphor is about four times higher 

than that of commercially available 3.5MgO 

•0.5MgF 2 •GeO 2 :Mn 

4 + 

[MFG:Mn 

4 + ]. The main reason behind its better emission intensity 

is its crystal structure which is shown in Fig. 9 (a) and (b). The 

PL plots of LiNaGe 4 O 9 :Mn 

4 + and MFG:Mn 

4+ samples are shown in 

Fig. 9 (c). Here Mn 

4 + is efficiently doped into the GeO 6 octahedra. 

The layer of the GeO 6 group is separated by the layer of GeO 4 and 

each GeO 6 is connected to the three GeO 4 polyhedra by sharing 

common corners. Also, none of the GeO 6 is connected to each 

other showing the good isolation of the GeO 6 octahedra. Since 

Mn 

4 + ions are occupying these octahedral sites, the interactions 

between these Mn 

4 + ions are weakened or blocked leading to 

stronger luminescence and higher quantum yield [89] . 

Ding et al. reported novel trigonal K 2 Ge 4 O 9 :0.001Mn 

4 + 

(KGO:Mn 

4 + ) prepared using solid-state reaction [90] . The unit 

cell of trigonal K 2 Ge 4 O 9 is composed of both octahedral and 

tetrahedral sites wherein the octahedral site is preferred by the 

Mn 

4 + . Here the concentration of Mn 

4 + is optimised to be 0.1 

mol% and the concentration quenching mechanism of the sample 

is explained by the energy transfer mechanism involved between 

the Mn 

4 + ions. The emission spectrum of the sample under blue 

excitation is centred at 663 nm and the corresponding commission 

internationale de l’éclairage (CIE) values are found to be (0.702, 

0.296) which is close to that of commercialised MFG:Mn 

4 + . This 

phosphor could be applied in W-LEDs owing to its satisfactory 

luminescence intensity and CIE values. But the major problem 
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Fig. 9. (a) and (b) Crystal structure of LiNaGe 4 O 9 :0.05%Mn 4 + (orthorhombic-Pcca) 

viewed along a and b; (c) Comparison of PL emission intensities of LiNaGe 4 O 9 :Mn 4 + 

and MFG:Mn 4 + . Reproduced with permission from Ref. [89] . 

depicted for this phosphor is its low thermal quenching. The 

thermal quenching property has been explained using the con- 

figurational coordinate diagram, where at high temperature the 

electrons absorb an energy from the lattice vibration and come 

back to the ground state through a non-radiative transition. The 

easy path provided by the charge transfer band Mn 

4 + ˗O 

2 − is the 

main reason for the lower thermal stability of the sample [90] . 

Li et al. predicted the energy levels of Mn 

4 + ion in the same 

phosphor by crystal field calculation based on the ECM which 

is well matching with the phosphor prepared using similar ex- 

perimental conditions [91] . The calculation result shows the red 

emission peak at 663 nm and 450–470 nm wavelength range of 

blue absorption. From the calculation, both Ge1 and Ge2 octa- 

hedral sites are found to be favourable for the Mn 

4 + . Here an 

important observation made from the structural analysis is that 

there are two octahedral germanium sites and that the mean bond 

lengths of Ge –O are 1.8937 Å and 1.8988 Å [ 91 , 92 ]. These shorter 

bond lengths indicate the higher covalence around Mn 

4 + , which is 

favourable for longer emission and excitation wavelength and this 

is also matching with the experimental results [91] . 

Li et al. prepared partial alkali substituted 

K x Rb 2-x Ge 4 O 9 :0.02%Mn 

4 + to enhance its photoluminescent prop- 

erties [45] . Structural analysis of Rb 2 Ge 4 O 9 :Mn 

4 + suggested that 

Mn 

4 + ions prefer to occupy GeO 6 octahedral sites, which are 

surrounded by GeO 4 tetrahedrons. Surrounding GeO 4 tetrahedrons 

can favour structural isolation of Mn 

4 + from local perturbations 

and also it can weaker interaction amongst Mn 

4 + ions. Due to the 

partial substitution of K for Rb, a slight shifting of X-ray diffraction 

(XRD) peaks towards a higher diffraction angle and a decrease 

in interplanar spacing have also been observed. The contraction 

of crystal lattice upon the substitution of K 

+ ion indicates the 

presence of higher crystal field strength. From the PL analysis, it 

is observed that Rb 2 Ge 4 O 9 :Mn 

4 + shows a comparatively lower 

intensity than K 2 Ge 4 O 9 :Mn 

4 + but the partial substitution of K 

in this compound helps to increase the luminous intensity. It is 

observed that the K 1.5 Rb 0.5 Ge 8 O 18 :Mn 

4 + sample shows a signifi- 

cantly larger intensity than the K 2 Ge 4 O 9 :Mn 

4 + sample. The blue 

excitation peak observed for Rb 2 Ge 4 O 9 :Mn 

4 + shifts gradually from 

480 nm to 462 nm with the increase of potassium content but no 

change in the UV excitation peak indicates that the incorporation 

of potassium content affects the 4 T 2 energy level but not the 4 T 1 
energy level. This effect can be efficiently used for designing a new 

material having tailored blue excitation. The strongest emission 

peak of Mn 

4 + is shifted from 6 6 6 nm to 663 nm while moving 

from Rb 2 Ge 4 O 9 :Mn 

4 + to K 1.5 Rb 0.5 Ge 8 O 18 :Mn 

4 + . The presence of 

potassium increases the energy of the 2 E g level because of the 

decreased covalency of the Mn 

–O bond in MnO 6 octahedra since 

potassium ion possesses lower polarizability than Rb + ion. The 

emission lifetime is observed to increase gradually with potassium 

substitution. The quantum yield value of K 1.5 Rb 0.5 Ge 8 O 18 :Mn 

4 + 

is higher than that of K 2 Ge 4 O 9 :Mn 

4 + , and it is much greater 

than Rb 2 Ge 4 O 9 :Mn 

4 + . The emission lifetime and thermal stability 

are also much shorter in Rb 2 Ge 4 O 9 :Mn 

4 + and it is found to be 

enhanced with the partial K 

+ substitution [45] . 

A detailed study on the influence of alkali ions on the lumines- 

cence property of Mn 

4 + -activated MGe 4 O 9 :Mn 

4 + ( M = Li 2 , Li Na, 

and K 2 ) as a function of various alkali ions has been carried out by 

Xue and co-workers [93] . They have also adopted a similar milder 

solid-state methodology for the syntheses of these samples. Apart 

from the already discussed results, the calculated D q / B values for 

these three phosphors are found to be greater than 2.2 indicating 

that Mn 

4 + is experiencing a stronger crystal field. As the energy 

of the emission spectrum is mainly influenced by the nephelaux- 

etic effect, their obtained β1 value is found to be distinct for the 

three different phosphors showing that the nephelauxetic effect is 

varying with different phosphors according to the type of host. As 

expected, the phosphor having smaller 2 E g value has smaller β1 

indicating the host experiencing comparatively strong nephelaux- 

etic and emit lights in the lower wavelength region [93] . 

Another study on K 2 Ge 4 O 9 :Mn 

4 + and Rb 2 Ge 4 O 9 :Mn 

4 + phos- 

phors has been carried out in order to get a clear insight on the 

dependence of their optical properties on the chemical composi- 

tions and the temperature [94] . In these germanates, Mn 

4 + ions 

occupy two germanate octahedral sites, but the Mn 

–O bond length 

is dissimilar for these two sites. Usually, Mn 

4 + ions occupying 

Ge –O sites with larger bond length experience smaller crystal field 

splitting and the corresponding 4 T 2g band locates at a lower energy 

region. Owing to the smaller Mn 

–O distance in K 2 Ge 4 O 9 comparing 

to Rb 2 Ge 4 O 9 results in stronger crystal field splitting for K 2 Ge 4 O 9 . 

Meanwhile, Mn 

4+ ions occupying a site with a smaller Mn 

–O bond 

length show a higher thermal quenching temperature. As we know, 

the Racah parameter, B , is the measure of inter electronic repul- 

sion in 3 d orbitals, and the maximum value is achieved for free 

Mn 

4 + ions, which is equal to 1160 cm 

−1 . The redshift observed in 

the emission spectrum with increasing temperature may be due to 

the decrease of D q , B , or C . But the magnitude of these parameters 

with temperature clearly shows that the value of B increases with 

the temperature while the decrease in D q value is minor. These re- 

sults strongly suggest that the redshift in the spectrum is due to 

the considerable decrease of C value with an increase in tempera- 

ture. This shows the strong influence of Racah parameter C on the 

luminescent properties of these phosphors. The Racah parameters 

B and C can be related through the Slater-Condon parameters F 2 
and F 4 [94] . 

B = F 2 − 5 F 4 and C = 35 F 4 (17) 
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Fig. 10. (a) Crystal structure of K 2 BaGe 8 O 18 :Mn 4 + (hexagonal-P3c1); (b) PL excitation and emission spectra of K 2 BaGe 8 O 18 :0.002Mn 4 + . Reproduced with permission from Ref. 

[66] . 

Here the parameters F 2 and F 4 describe the electrostatic inter- 

action between the electrons in the unfilled shell of Mn 

4 + ions. 

Therefore, the covalent character of M 

–O bonds mainly affects the 

parameter F 2. These two equations indicate that the decrease in F 4 
is the reason for the decrease in the C value and the increase in 

the B value. However, it is quite difficult to generate a simple re- 

lation between B and C , which hinders the exact prediction of the 

position of the emission wavelength of these phosphors. In fact, 

the bond angle Mn 

4 + –O 

–M 

n + (M stands for neighbouring cations) 

has a strong influence on the parameter C and less effect on B . 

Brik et al. demonstrated a correlation between the energy position 

of the Mn 

4 + and the Mn 

4 + –O 

2––M 

n + bond angle in the materials 

possessing a perovskite structure [59] . A bond angle close to 180 °
results in a small value for C . Hence, a highly ionic host with a 

bond angle that deviates more from 180 ° B as well as C coefficients 

should have larger values resulting in a blue shift. In K 2 Ge 4 O 9 and 

Rb 2 Ge 4 O 9 , the decrease in crystal field strength and increase in B 

value with the increase in temperature is due to the thermal ex- 

pansion of the host which results in a reduction in the covalent 

interaction between Mn 

4 + and O 

2- [94] . 

Li et al. reported a novel red-emitting K 2 BaGe 8 O 18 :0.002Mn 

4 + 

for W-LEDs application with an emission spectrum centred at 

6 6 6 nm [66] . They adopted the conventional solid-state method 

for synthesis with a calcination temperature of 1050 °C for 6 h. 

The crystal structure of this compound consists of four octahe- 

dral Ge 4 + sites (Ge1-Ge4) and three tetrahedral Ge 4 + sites (Ge5- 

Ge7) ( Fig. 10 (a)). However, the PL origin is only due to the occu- 

pancy of Mn 

4 + at octahedral Ge sites. Here the obtained excita- 

tion spectrum is deconvoluted into four Gaussian curves centred 

at 313 nm, 350 nm, 391 nm, and 462 nm and these are attributed 

to the Mn 

4 + –O 

2 − charge transfer band, spin allowed 

4 A 2 → 

4 T 1 , 

spin forbidden 

4 A 2 → 

2 T 2 , and spin allowed 

4 A 2 → 

4 T 2 transi- 

tions, respectively ( Fig. 10 (b)). To understand the energy transfer 

mechanism involved in the concentration quenching, critical dis- 

tance has been calculated to 35.75 Å. As the exchange interaction 

plays a significant role only when the critical distance value is less 

than 5 Å, further evaluation was carried out wherein the dominant 

energy transfer mechanism is caused by the electric dipole-dipole 

interactions. While increasing the Mn 

4 + concentrations from the 

optimum leads to the reduction of emission lifetime, which im- 

plies the faster decay of the emission because of the energy trans- 

fer amongst the Mn 

4 + –Mn 

4 + pairs. The crystal field analysis is also 

carried out and the obtained value of Dq/B (3.31) is high enough 

since Mn 

4 + ions experience a stronger crystal field in the GeO 6 oc- 

tahedra compared to other germanates. As the 2 E g → 

4 A 2g tran- 

sition depends mainly on the nephelauxetic effect rather than on 

the strength of the crystal, the nephelauxetic ratio (0.9604) was 

also estimated [66] . 

Cao et al. introduced two red-emitting phosphors 

Li 2 MgGeO 4 :0.004Mn 

4 + and K 2 MgGeO 4 :0.004Mn 

4 + and found 

that the former one has greater intensity while the latter one 

easily deliquescence at room temperature [ 95 , 96 ]. The shift in the 

emission position between these phosphors may be attributed 

to the difference in the ionic radii of Li + and K 

+ [95] . Another 

novel deep red-emitting phosphor Li 3 RbGe 8 O 18 :0.005Mn 

4 + was 

reported by Singh and co-workers which shows better emission 

intensity greater than other available alkali tetra germanate hosts 

[6] . Here a combinatorial chemistry approach is used for finding 

the best emitting phosphors amongst A 

–Ge –O systems where A 

can be alkali metals such as Li, Rb, K, or their combination. At first, 

the ratio between A:Ge was fixed as 2:4, then 21 compositions 

based on this ratio were prepared as shown in Fig. 11 (a) and 

studies were extended with four other ratios (A: Ge = 2.25:4, 

2.5:4, 2.75:4, 3:4). Then out of the total 105 prepared samples, the 

sample Li 3 RbGe 8 O 18 :Mn 

4 + was found to show maximum emission 

intensity Fig. 11 (b). The crystal structure of Li 3 RbGe 8 O 18 :Mn 

4 + 

shown in Fig. 11 (c) consists of GeO 4 tetrahedra and GeO 6 oc- 

tahedra. While the bond length of all Ge –O bonds in the GeO 6 

octahedra are identical, two values are observed for the bond 

length of Ge –O bonds in the GeO 4 tetrahedra. 

Although its emission intensity is observed to be lower than 

K 2 SiF 6 :Mn 

4 + as shown in Fig. 11 (d), its PL spectrum falls in the 

deep-red region [6] . Recently a novel deep red-emitting phos- 

phor Li 3 Cs 1-y Rb y Ge 8 O 18 :0.01Mn 

4 + was also prepared using a simi- 

lar methodology as described for the Li 3 RbGe 8 O 18 :0.005Mn 

4 + sam- 

ple [97] . The PL intensity of Li 3 Cs 1-y Rb y Ge 8 O 18 :0.01Mn 

4 + phosphor 

increased to about 1.75 times compared to its corresponding ru- 

bidium phosphor, while its internal quantum efficiency is also in- 

creased by 1.57 times [97] . 

3.2. Alkaline-earth metal-based germanate systems 

Xue and co-workers discovered a long persistent phosphor 

Mg 2 GeO 4 :0.001Mn 

4 + and reported its long glow luminescence 

properties [98] . The emission of the Mg 2 GeO 4 :0.001Mn 

4 + lasted 

for 30 min, which can be observed with the naked eye. This phos- 

phor is a well-suited deep red long-lasting or storage phosphor for 

many applications. The persistence luminescence of this phosphor 

is enhanced by the substitution of Ln 

3 + ions (Ln 

3 + = Pr 3 + , Er 3 + , 
Yb 3 + , and Nd 

3 + ) at the Mg 2 + sites. The addition of these Ln 

3 + ions 

with larger ionic radii (as compared to the Mg 2 + ) caused cationic 

distortions which create some additional defects. Amongst the var- 
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Fig. 11. (a) Design of the phosphor-composition search space; (b) Comparison of PL emission spectra of Li 3 RbGe 8 O 18 :0.005Mn 4 + with L 2 Ge 4 O 9 :Mn 4 + , K 2 Ge 4 O 9 :Mn 4 + and 

Rb 2 Ge 4 O 9 :Mn 4 + ; (c) Crystal structure of Li 3 RbGe 8 O 18 (trigonal-P31m); (d) Comparison of PL emission spectra of Li 3 RbGe 8 O 18 :0.005Mn 4 + with K 2 SiF 6 :Mn 4 + . Reproduced with 

permission from Ref. [6] . 

Fig. 12. (a) Crystal structure of Mg 14 Ge 5(1–0.2%) O 24 :0.2%Mn 4 + (orthorhombic-Pbam); (b) The change of emission intensity and quantum yields as a function of Mn 4 + concen- 

tration. Reproduced with permission from Ref. [80] . 

ious co-doped samples, the afterglow emission from the phos- 

phor composition of Mg 2 GeO 4 :0.0 01Mn 

4 + ,0.0 05Yb 3 + lasts for 2 h. 

The performance of the persistent or afterglow emission depends 

highly on the carriers captured in the trapping centres. Compare to 

other co-doped samples, the trapping centres introduced by Yb 3 + 

ions in Mg 2 GeO 4 :0.0 01Mn 

4 + ,0.0 05Yb 3 + significantly enhanced the 

persistence behaviour of this composition, and making this mate- 

rial good for room temperature long afterglow (LAG) performance. 

Here the substitution of Yb 3 + ions in the Mg 2 + sites may lead to 

the formation of defects and the positive defects are acting as the 

electron traps whereas the negative defects act as the hole traps 

[98] . 

Liang et al. reported Mg 14 Ge 5(1–0.2%) O 24 :0.2%Mn 

4 + phosphor 

having a high quantum yield of 81% [80] . Crystal structure anal- 

ysis of this compound revealed that the Ge 4 + ions occupied two 

tetrahedral and one octahedral site. The octahedral site occupies 

the centre of lattice faces as well as the vertex of the crystal lat- 

tice ( Fig. 12 (a)). Further, these octahedrons are connected to each 

other by sharing the same vertices, and Mn 

4 + ions occupy these 

six coordinated octahedral sites and act as the luminescence cen- 

tres. As seen from Fig. 12 (b), the highest PL intensity, as well as 

quantum yield is reported for 1 mol% Mn 

4 + -doped Mg 14 Ge 5 O 24 

phosphor. This is because of the fact that this composition pos- 

sesses high crystallinity without any defects and negligible lattice 

distortion due to well-matched ionic radii and the charge between 

Ge 4 + and Mn 

4 + . Meanwhile, this composition also exhibited appre- 

ciable emission intensity at elevated temperatures as it maintained 

64% PL intensity at 60 °C relative to the PL intensity at 20 °C [80] . 

The emission intensity of this phosphor is enhanced by Zn 

2 + 

substitution in the Mg 2 + site since this substitution makes some 

ionic rearrangement in the crystal. The difference in ionic radii 

between Zn 

2 + and Mg 2 + leads to the lattice distortion of the 

crystal [99] . Q. Huang et al. reported Bi 3 + and Mn 

4 + co-doped 

Mg 14 Ge 5 O 24 phosphor for optical agriculture application [100] . 

Comparing with the single Mn 

4 + doped phosphor, the Bi 3 + co- 

doped one has enhanced emission because of the energy trans- 

fer mechanism involved between Bi 3 + and Mn 

4 + [100] . Another 

detailed study on this phosphor was carried out by Liang and 

co-workers who substituted cations such as Ti 4 + , Sn 

4 + , and Si 4 + 

for the Ge 4+ site since the cation substitution is the better way 

to tune or enhance the emission in matrix sensitive activator 

such as Mn 

4 + doped phosphors [101] . In the PL emission spec- 
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Fig. 13. Low-temperature PL emission spectra of MGO (Mg 14 Ge 5 O 24 :Mn 4 + ) and 

cation substituted MGSO (Mg 14 Ge 5 O 24 :Mn 4 + , Si 4 + ), MGTO (Mg 14 Ge 5 O 24 :Mn 4 + ,Ti 4 + ), 
and MGNO (Mg 14 Ge 5 O 24 :Mn 4 + ,Sn 4 + ) samples. Reproduced with permission from 

Ref. [101] . 

tra, the peak located at 639 nm is identified as the ZPL. The 

peaks located at lower energy (above 639 nm) are the Stokes shift 

emission peak whereas the peak located at higher energy (below 

639 nm) is the anti-Stokes shift emission peak. The Ti 4 + substi- 

tuted Mg 14 Ge 4.5 Ti 0.5 O 24 :Mn 

4 + has higher emission intensity which 

is about 2.49 times greater than the Mg 14 Ge 5 O 24 :Mn 

4 + . The ad- 

dition of these cations leads to the formation of energy or elec- 

tron trapping defects which helps in increasing the emission inten- 

sity. The change in the intensity of the ZPL is also observed with 

the cationic substitution. The ZPL is very sensitive to lattice dis- 

tortion hence, the degree of lattice distortion is calculated by the 

polyhedron distortion index. The quantum yield of the optimized 

Mg 14 Ge 4.5 Ti 0.5 O 24 :Mn 

4 + sample is 94% which could maintain up to 

85% of the initial intensity at 473 K. 

The low-temperature emission spectrum of Mg 14 Ge 5 O 24 :Mn 

4 + 

with cation substitution and without cation substitution was car- 

ried out at 6.9 K ( Fig. 13 ). Here the emission intensity gets signif- 

icantly increased manifolds with Ti 4 + and Sn 

4 + substitution while 

comparing with PL spectra recorded at room temperature. More- 

over, the substitution of the three cations (Ti 4 + , Sn 

4 + , and Si 4 + ) 
leads to a slight redshift in their emission peaks, and the shift- 

ing increases with the increase in ionic radii of cations since these 

substitutions weaken the crystal field strength. The crystal field 

strength Dq has an inverse relation (Dq = Ze 2 r 4 /6R 

5 ) between the 

bond length (R) of the central ion with the ligand [101] . Here the 

XRD refinement result indicates that with an increase in ionic radii 

of cations, the bond length is also found to be increased which 

weakens the crystal field strength resulting in a slight shift (red- 

shift) in their emission peaks [101] . 

Another class of alkaline-earth based germanate material is 

Ba 2 GeO 4 :0.006Mn 

4 + [102] . Owing to its deep red-emitting ability 

peaking at 667 nm, Ba 2 GeO 4 :0.006Mn 

4 + can be used as a red LED 

for indoor plant cultivation. This wavelength range is very close to 

the absorption peaks of the chlorophyll, and therefore suitable for 

the photosynthesis and photoperiodic effects of indoor plants. A 

novel thermally stable red-emitting Ba 2 TiGe 2 O 8 :0.006Mn 

4 + is also 

reported by Cao and co-workers for plant growth application [103] . 

In this phosphor structure, a Ba 2+ ion combines with the eight oxy- 

gens to form the BaO 8 polyhedral, whereas a Ti 4+ ion combines 

with the five oxygens to form the TiO 5 polyhedral. On the other 

hand, a Ge 4 + ion combines with four oxygens as well as with six 

oxygens to form GeO 4 tetrahedra and GeO 6 octahedra, respectively. 

Fig. 14. Comparison of PL emission spectra of Ba 2 Ti 0.994 Ge 2 O 8 :0.006Mn 4 + and 

Ba 2 TiGe 1.994 O 8 :0.006Mn 4 + . Reproduced with permission from Ref. [103] . 

Importantly, Mn 

4 + ions are expected to occupy the Ge 4 + site in the 

GeO 6 octahedra. To confirm this, Mn 

4 + has been doped into two 

different sites Ge 4 + and Ti 4 + separately. It is observed that Mn 

4 + 

ions occupied the Ge 4 + sites have greater intensity showing the 

site suitability of Mn 

4 + in GeO 6 octahedra ( Fig. 14 ) [103] . 

Lu et al. reported deep red-emitting double perovskite 

Ba 2 MgGe 2 O 7 :0.013Mn 

4 + phosphors prepared by a conventional 

solid-state methodology [104] . These phosphors show a strong red 

emission band centred at 660 nm, while the maximum emission 

intensity is observed at 0.013 mol of Mn 

4 + concentration. The 

dipole-dipole interaction amongst the Mn 

4 + ions led to lumines- 

cence quenching [104] . Fu et al. reported BaAl 2 Ge 2 O 8 :0.001Mn 

4 + 

phosphors for the plant growth application [105] . In this composi- 

tion, Mn 

4 + ions occupy either Al 3 + or Ge 4 + sites in the AlO 4 and 

GeO 4 tetrahedra. The results of temperature-dependence emission 

spectra and the calculated activation energy ( 
E = 0.36 eV) sug- 

gested that this phosphor composition is thermally stable [105] . 

Two alkaline-earth metal-based materials, SrGe 4 O 9 :0.005Mn 

4 + 

and BaGe 4 O 9 :0.005Mn 

4 + have been reported by Liang and co- 

workers for W-LED applications [106] . The crystal structure of 

these hosts has a great impact on their luminescence properties. 

Both BaGe 4 O 9 and SrGe 4 O 9 matrices are isostructural and consist 

of three different types of coordination environments: BaO 8 poly- 

hedral, GeO 4 tetrahedral, and GeO 6 octahedral. The GeO 4 tetrahe- 

dra and GeO 6 octahedra are connected, and Mn 

4+ ions are occupy- 

ing the Ge 4 + sites of GeO 6 octahedra. As observed from the PL 

analysis, the emission intensity of BaGe 4 O 9 :0.005Mn 

4 + is higher 

than that of the SrGe 4 O 9 :0.005Mn 

4 + sample. Even though SrGe 4 O 9 

and BaGe 4 O 9 are isostructural, the excitation peak position and 

shape of their emission spectra are different. This observation can 

be attributed to the change in the microstructure around Mn 

4 + 

ions, which might be occurred due to the difference in ionic 

radii between Ba 2 + and Sr 2 + . Hence the crystal field strength and 

nephelauxetic effect may also be different for these two phos- 

phors leading to the aforementioned difference in their spectra. 

Meanwhile, the PL emission intensities of BaGe 4 O 9 :0.005Mn 

4 + and 

SrGe 4 O 9 :0.005Mn 

4 + are observed to reduce half of the room tem- 

perature PL intensity at 180 °C and 100 °C, respectively, indicated 

that both phosphors have appreciable thermal stability. However, 

the absolute quantum efficiency of these phosphors is not even 

higher than 50 [106] . 

Zhang et al. carried out the detailed crystal field studies on 

BaGe 4 O 9 :0.005Mn 

4 + , and the obtained D q / B = 2.7 value indi- 

cates that Mn 

4 + ions experience a strong crystal field in this host 

[107] . The temperature-dependant PL analysis, including the low- 

temperature PL studies, is also carried out ( Fig. 15 ). The change in 

the PL excitation spectra at a temperature greater than 300 K is 
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Fig. 15. The temperature depended PL (a) excitation, and (b) emission spectra of BaGe 4 O 9 :0.005Mn 4 + . Reproduced with permission from Ref. [107] . 

attributed to the activation of vibronic modes in the luminescence 

centres. While the PL intensity is found to be increasing with the 

decrease in temperatures. From the PL emission spectra, surpris- 

ingly, the ZPL identified at 6 6 6 nm has a relatively strong intensity 

over the temperature range of 10–300 K. No spectral shift is ob- 

served with temperature variation, but the peaks get broadened 

while increasing the temperature from 10 to 400 K. The broad- 

ening of peaks with temperature manifests the involvement of 

phonon in these transitions. The visibility of the ZPL is very much 

sensitive to the local symmetry of Mn 

4 + ions. The peak centred at 

6 6 6 nm can be ascribed to the ZPL of the transition at the C 3 site 

since this transition is much stronger than the ZPL of the transi- 

tion at the centrosymmetric D 3 site. At an ultra-low temperature 

of 10 K, the emission peak at 6 6 6 nm split into two peaks which 

may be appeared due to the formation of Kramer’s doublets since 

Mn 

4 + ion belongs to the d 3 system [107] . 

Another Sr-based novel Sr 2 MgGe 2 O 7 :0.007Mn 

4 + phosphor is re- 

ported by Chen and co-workers [108] . The crystal structure of this 

phosphor consists of MgO 4 tetrahedra and Ge 2 O 7 double tetra- 

hedra which are connected through oxygen. It is believed that 

Mn 

4 + ions occupy the Ge 4 + sites in Ge 2 O 7 double tetrahedra. 

The crystal field studies show that the Dq/B value is approxi- 

mately equal to 2.86 showing that Mn 

4+ experiences a strong crys- 

tal field, and the calculated nephelauxetic ratio is 0.9747. Also, 

Sr 2 MgGe 2 O 7 :0.007Mn 

4 + phosphor could maintain 60.3% of the 

room temperature emission intensity at 145 °C [108] . 

3.3. Lanthanum-based germanate systems 

The reports on lanthanum-based germanate phosphors 

are comparatively less numerous. The double perovskite 

La 2 MgGeO 6 :Mn 

4 + is a long persisting germanate producing 

deep red emission centred at 708 nm under UV excitation [109] . 

The crystal structural analysis of this compound reveals that a 

La 3 + ion is coordinated with 12 oxygen atoms. Although there 

exist both GeO 6 and MgO 6 octahedral, Mn 

4 + ions prefer GeO 6 

octahedral sites mostly. The alternatively arranged GeO 6 and MgO 6 

octahedral help in increasing the distance between Mn 

4 + ions, 

owing to which intense deep red emission is observed. Based 

on the value of Dq/B (2.67), it is concluded that Mn 

4+ ions are 

experiencing a strong crystal field in the above host [109] . 

Another lanthanum-based germanate system is 

La 3 GaGe 5 O 16 :0.0025Mn 

4 + , which can also be efficiently used 

in phosphor-converted W-LEDs [110] . The crystal structure of this 

phosphor consists of GeO 6 octahedra, GeO 4 tetrahedra, and GaO 4 

tetrahedra ( Fig. 16 (a)). Each octahedron is connected to six tetra- 

hedrons while each tetrahedron is connected to two octahedrons, 

thereby forming the chains of composition [Ge(GaGeO 4 ) 3 ]. The 

PLE spectrum recorded at 659 nm shows three excitation bands 

originating from 

4 A 2g → 

4 T 1g , 
2 T 2g , 

4 T 2g transitions of Mn 

4 + , 
while the PL spectrum recorded at 330 nm shows one sharp peak 

corresponds to the 2 E g → 

4 A 2g transitions of Mn 

4 + ( Fig. 16 (b)). 

From the low-temperature PL analysis ( Fig. 16 (c)), two sharper 

peaks named B and D with one shoulder peak C, are observed at 

a temperature of 10 K. The intensity of these peaks gets reduced 

with the increase in temperature. However, the intensity of the 

anti-Stokes shoulder peak A gets increased with the increase in 

temperature. This abnormality is due to the thermal vibration 

in the host. Since the 2 E g → 

4 A 2g transition is spin forbidden, 

therefore, the 2 E g state life time is rather long. Because of the 

increase in temperature and the thermal vibration, the electrons 

are coupled to the lattice. The electrons can jump from the lower 

vibrational energy level to higher and thereby making the balance 

in electron distribution in these two levels [110] . Because of 

this, the shoulder peak appears and grows with the increase in 

temperature. But the PL intensity of other peaks decreases with an 

increase in temperature. 

3.4. Non-Ge 4 + site occupancy of germanates 

There are some other germanate phosphors where the Ge sites 

may not accommodate Mn 

4 + ions. Mg 3 Ga 2 GeO 8 :0.005Mn 

4 + is one 

of the best examples of such phosphors [111] . Since Mn 

4 + ions sta- 

bilized in the octahedral environment. Herein, Mn 

4 + ions prefer 

to occupy octahedral sites provided by Mg 2 + and Ga 3 + ions in- 

stead of the tetrahedral sites of Ge 4 + ions ( Fig. 17 (a)). The varia- 

tion in PL emission intensity with different Mn 

4 + sources doped 

in different sites is shown in Fig. 17 (b), which ascertained the oc- 

cupancy of the Mn 

4 + at Mg 2 + /Ga 3 + sites [111] . In addition, max- 

imum emission intensity is seen when the source of the activa- 

tor ion is MnO 2 . This observation reveals the octahedral preference 

of Mn 

4 + ions, and also indicates that Mn 

4 + ions have high crys- 

tal field stabilization energy in the octahedral environment. Cao 

et al. reported a deep red-emitting LiRGe 2 O 6 :0.006Mn 

4 + ( R = Al 

or Ga) composition where Mn 

4 + ions occupy the octahedral sites 

provided by Al 3 + and Ga 3+ ions. The emission intensity of the 

LiAlGe 2 O 6 :0.006Mn 

4 + and LiGaGe 2 O 6 :0.006Mn 

4 + are found to be 

different. After the occupation of the Mn 

4+ ions in Al 3 + and Ga 3 + 

sites of the host lattice, the bond of Mn-O in the GaO 6 octahedral 

is become stronger than that in the AlO 6 octahedral due to the 

different ionic radii of Al 3+ and Ga 3+ ions. Due to this, the PL in- 
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Fig. 16. (a) Crystal structure of La 3 GaGe 5 O 16 :0.0025Mn 4 + (trigonal-P321); 

(b) PL excitation and emission spectra; (c) Low temperature PL of 

La 3 GaGe 5 O 16 :0.0025Mn 4 + phosphor. Reproduced with permission from Ref. 

[110] . 

tensity of LiAlGe 2 O 6 :0.006Mn 

4 + is found to be greater than that of 

LiGaGe 2 O 6 :0.006Mn 

4 + under UV excitations [112] . 

Another reported germanate is Mg 7 Ga 2 GeO 12 :Mn 

4+ , where 

Mn 

4 + ions prefer Ga 3 + sites [113] . In this host, Mn 

4 + 

ions conveniently occupy Mg 2 + , Ga 3 + and Ge 4 + sites of 

Mg 7 Ga 2 GeO 12 :0.005Mn 

4 + and it was found that Mn 

4 + doped in 

the Ga 3+ site has higher emission intensity as compared to when it 

is doped at the Mg 2 + site. Further, this phosphor can be efficiently 

excited by blue light. In the case of Mg 6 ZnGeGa 2 O 12 :0.01Mn 

4 + 

phosphor, the XRD, as well as PL analysis reveals that Mn 

4 + 

ions occupy the octahedral (Mg 2 + (Zn 

2 + )/Ga 3 + ) sites [114] . This 

phosphor is a promising red-emitting candidate excited by near 

ultra-violet (NUV) chips [114] . Jansen et al. reported a novel 

Mg 3 Y 2 Ge 3 O 12 :0.01Mn 

4 + ,0.015Li + phosphor prepared by a sol-gel 

method [115] . Here, Mn 

4 + ions occupy the Mg 2 + sites, and Li + 

is incorporated for charge compensation. This phosphor shows 

extraordinary thermal quenching behaviour since its T 1/2 value 

is above 800 K, which is greater than the thermal quenching 

temperature T 1/2 of red-emitting Mg 14 Ge 5 O 24 :Mn 

4 + . Because of 

these properties, this phosphor is a potential red candidate in 

phosphor blends of high-power W-LEDs [115] . 

Dong et al. reported novel orange red-emitting 

Ca 3 M 2 Ge 3 O 12 :Mn 

2 + ,Mn 

4 + ( M = Al, Ga) [116] . Here, Mn 

2 + ions 

occupying Ca 2 + sites produce the orange emission, whereas 

Mn 

2 + and Mn 

4 + ions occupying Al 3 + /Ga 3 + sites produce red 

and deep red emission [116] . Lingling et al. reported the PL of 

Mg 2 Ti 0.65 Ge 0.35 O 4 :0.001Mn 

4 + by substituting Ge 4 + ions in Ti 4 + 

sites [117] . The incorporation of Ge 4 + ions enhances the emission 

intensity. When Ge 4 + is incorporated, there are two sites for Mn 

4+ 

to occupy and it is believed that replacement of Ge 4 + by Ti 4 + 

accelerates the translation of a greater number of TiO 6 octahedral 

to contorted GeO 6 octahedral and separation of adjacent TiO 6 

octahedral. As a result of this, the distance between isolated Mn 

4 + 

ions as well as the Mn 

4 + —Mn 

4 + distance enhanced, which can 

decrease the energy transfer rate in the host thereby increasing 

the PL intensity. The PL emission spectra and the crystal structure 

are shown in Fig. 18 [117] . 

4. Cr 3 + -activated deep red-emitting germanate phosphors 

Detailed description on the ionic configuration of Cr 3 + ion 

and its related luminescence properties in the various host ma- 

terials can be found in Refs. [31] and [32] . As we have already 

discussed in the introduction part, the studies on Cr 3 + -activated 

phosphors are mainly taking place in oxide hosts owing to their 

admirable merits comparing to fluorides. In comparison with Mn 

4+ 

activated phosphors, the Cr 3 + activated phosphors have some ad- 

Fig. 17. (a) Crystal structure of Mg 3 Ga 2 GeO 8 (orthorhombic-Imma); (b) PL emission spectra of Mg 3 Ga 2 GeO 12 :0.005Mn 4 + with different Mn 4 + sources and different dopant 

sites. Reproduced with permission from Ref. [111] . 
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Fig. 18. (a) Crystal structure of Mg 2 Ti 0.65 Ge 0.35 O 4 :0.001Mn 4 + (cubic-Fd3m); (b) PL emission spectra showing the effect of Ge substitution. Reproduced with permission from 

Ref. [117] . 

Fig. 19. (a) Normalized transmission spectra of NIR light after penetrating water and (b) sugar solutions. Reproduced with permission from Ref. [124] . 

vantages such as their capability in producing light in deep red 

and NIR region, long persistence, etc. Hence apart from the var- 

ious display applications, these phosphors can extend their use 

in sensors, biomedical imaging, decoration, night vision surveil- 

lance, dark glow signage, security, etc. [118] . Most of the stud- 

ies on Cr 3 + -doped phosphors are based on gallates since Ga 3 + 

can efficiently provide the octahedral site for Cr 3 + because of 

their similar ionic radii and charge. The ionic radius of Cr 3 + (Cr VI : 

0.615 Å) is quite close to the ionic radius of Ga 3 + (Ga VI : 0.620 Å) 

in an octahedral environment [47] . Although our area of consid- 

eration in this article is deep red-emitting phosphors, however, 

it is noteworthy to discuss the Cr 3 + -doped NIR emitting phos- 

phors. Some of the important NIR emitting gallates and gallo- 

germanates are Zn 3 Ga 2 GeO 8 :Cr 3 + [119] , ZnGa 2 O 4 :0.005Cr 3 + [120] , 

Mg 4 Ga 4 Ge 3 O 16 :0.005Cr 3 + [121] , and Ca 3 Ga 2 Ge 3 O 12 :0.01Cr 3 + [122] . 

Zhou et al. reported Cr 3 + -doped NIR emitting gallo-germanate 

garnet La 3 GaGe 5 O 16 :0.03Cr 3 + for the luminescent solar concentra- 

tor, which can convert the photons from sunlight to the required 

deep or NIR radiation [123] . Wang et al. reported Cr 3 + -doped NIR 

emitting Mg 3 Ga 2 GeO 8 :0.05Cr 3 + phosphor for light source applica- 

tion in food analysis [124] . This phosphor exhibits a broad emis- 

sion band in the range of 650–1200 nm, which is matching with 

the overtones of vibration of molecules present in the food com- 

ponents, hence the details of water content or sugar content, as 

well as the damages in food materials, can be analysed by making 

use of these phosphors in the light source of food analyser ( Fig. 19 ) 

[124] . 

Besides these NIR emitting phosphors, some of the ef- 

ficient Cr 3 + -activated deep red-emitting phosphors are 

MgY 2 Al 4 SiO 12 :0.02Cr 3 + [125] , Zn(GaAl) 2 O 4 :0.005Cr 3 + ,0.01Bi 3 + 

[65] , MgGa 2 O 4 :Cr 3 + [126] , etc. Chi et al. synthesized 

MgAl 2 O 4 :0.012Cr 3 + by co-precipitation method which produces 

deep red emission centred at 687 nm [14] . Further, a W-LED 

has fabricated by combining this phosphor with blue InGaN chip 

commercial YAG:Ce 3 + , and the produced W-LED exhibited a CRI 

value of 3481 K and a CRI value of 78 [14] . Katayama et al. 

reported long persisting Cr 3 + -doped deep red-emitting phosphor 

LaAlO 3 :0.005Cr 3 + having emission band centred at 734 nm for 

in-vivo imaging application [127] . The intensity of this phosphor 

is found to be greater than Cr 3 + -doped persistent phosphor 

ZnGa 2 O 4 :Cr 3 + , which shows an emission peak at 694 nm. The af- 

terglow properties and luminescence intensity of LaAlO 3 :0.005Cr 3 + 

phosphors are found to increase with Sm 

3 + -doping [127] . There 

are different reports on the various types of Cr 3 + activated phos- 

phors but the focus of our review is deep red-emitting Cr 3 + 

activated germanate phosphors. The reports on these categories of 

phosphors are comparatively less in number. Bai et al. prepared 

Ca 3 Al 2 Ge 2 O 10 :0.07Cr 3 + phosphor by a solid-state method and it 

shows a broad emission band in the range of 650–750 nm peaking 

at 697 nm [38] . The optimum concentration for Cr 3 + in this phos- 

phor is 0.07 mol. Bai et al. synthesized Zn 3 Al 2 Ge 2 O 10 :0.01Cr 3 + 

phosphor by using a solid-state methodology [128] . The heating 

condition required for the preparation of this sample in a box 

furnace is 1200 °C for 2.5 h. The phosphor can produce deep 

red emission in the range of 650–750 nm with an emission peak 

centred at 694 nm under the excitation of 400 nm ( Fig. 20 ). 

Further, the introduction of Ca 2 + ions in the Zn 

2+ sites of this 

phosphor could induce long afterglow properties and bluish-white 

light emission [128] . 
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Fig. 20. PL excitation and emission spectrum of Zn 3 Al 2 Ge 2 O 10 :0.01Cr 3 + . Repro- 

duced with permission from Ref. [128] . 

5. Amplification of deep red emission 

5.1. Effect of synthesis methods and particle morphology 

Methods adopted for the synthesis of phosphors have a great 

impact on their luminescence properties and potential applica- 

tions. Phosphors prepared through different methods can produce 

different structures such as spherical, core-shell, nanoflakes, etc., 

and these may have pure or tuneable emission properties [129] . As 

we already discussed the glass-ceramic routes were used for the 

synthesis of nanocrystals of Li 2 Ge 4 O 9 :Mn 

4 + and LiNaGe 4 O 9 :Mn 

4 + 

[ 84 , 85 , 88 ]. Even though they could make samples even in the nano 

range, the phosphor LiNaGe 4 O 9 :Mn 

4 + prepared by the solid-state 

reaction possesses greater colour purity as well as quantum yield 

compared to the sample prepared through the glass-ceramic route. 

The tetragermanate phase obtained for LiNaGe 4 O 9 :Mn 

4 + through 

the glass-ceramic route contains more defects than the solid-state 

sample [88] . Suppression of defects that are acting as non-radiative 

centres during solid-state synthesis is the reason for improved 

quantum yield [ 84 , 85 , 88 , 97–102 ]. 

While discussing the effect of synthesis on deep red-emitting 

phosphor, the Mn 

4 + and Cr 3 + sources have some relevance. The 

phosphor Mg 3 Ga 2 GeO 8 :0.005Mn 

4 + is prepared by using two dif- 

ferent sources of Mn, which are MnCO 3 and MnO 2. Then it is ob- 

served that phosphor prepared using MnO 2 has better intensity. 

In the MnCO 3 compound, Mn is divalent, and after calcination, 

many of the Mn 

2 + ions will not oxidize to Mn 

4 + , some may be 

just oxidized to Mn 

3 + . Hence the actual contribution of Mn 

4 + from 

MnCO 3 is less than MnO 2 . ( Fig. 17 (b)) [111] . In solid-state synthe- 

sis, fluxes can be used for lowering the sintering and reaction time 

along with improved crystallinity without making any reaction 

with raw materials. The lower melting point of flux compared to 

final calcination temperature can assure the liquid face during sin- 

tering which can further increase the mobility and homogeneity of 

solid reactants. The cationic radius of flux is large enough to avoid 

atomic substitution. The luminescence intensity and morphology of 

Sr 2 MgAl 22 O 36 :0.012Mn 

4 + phosphor are increased with the usage 

of flux H 3 BO 3 since the addition of flux stimulate the ionic diffu- 

sion inducing enhanced red emission [ 130 , 131 ]. Most of the ger- 

manates mentioned in this article are prepared through the solid- 

state method. But this method requires higher calcination temper- 

ature, and the chances for forming impurity phases are relatively 

high. The red emission of these phosphors and their morphology 

can be improved by implementing the sol-gel technique with a 

Fig. 21. Schematic representation of microwave-assisted sol-gel synthesis. Adapted 

from Ref. [133] . 

lower calcination time. Mg 2 TiO 4 :Mn 

4 + is one of the best examples 

that we can provide since the sample prepared through the sol- 

gel technique shows 2.24-fold emission enhancement in compari- 

son with the solid-state sample [ 129 , 132 ]. The microwave-assisted 

sol-gel technique is one method that we can suggest for red emis- 

sion enhancement and nanoscale production of germinates. Our 

research group used the microwave-assisted sol-gel method effi- 

ciently to enhance the red emission of Li 3 RbGe 8 O 18 :0.005Mn 

4 + 

nanophosphor [133] . Here the raw materials were taken in the 

stoichiometric ratio. The carbonates (Li 2 CO 3 , Rb 2 CO 3 , and MnCO 3 ) 

were dissolved in HNO 3 to obtained their corresponding nitrates 

and then separate solutions of GeO 2 and citric acid were mixed 

into this solution. The obtained resultant solution was placed in 

a microwave at different tem peratures and microwave power for 

optimization ( Fig. 21 ). The microwave energy in the microwave- 

assisted method couples directly with the ions in the reaction 

medium. This results in effective internal volumetric heating, rapid 

and homogeneous heating of reaction medium, with minimal ther- 

mal variations. This method leads to uniform nucleation, producing 

uniform-sized crystalline nanoparticles with better performance. 

Morphology has a great influence on photoluminescence prop- 

erty, and it is very important for some specific applications. Phos- 

phor with spherical size can minimize the scattering, thereby el- 

evating the luminescence properties. Also, phosphors with nano- 

size are highly desirable since particle with smaller size is pre- 

ferred for higher resolution [80] . But the greater surface effects of 

the nanoparticle may reduce the luminescence efficiency since the 

unsaturated bonds on the surfaces are capable to quench the lu- 

minescence centres on or near the surface. Hence, a method that 

can be adapted for red emission enhancement for germanate, that 

we can suggest is the synthesis of nano phosphor with a core- 

shell structure. Here surface coating with the non-metals can be 

used for reducing the surface effects, or metal shells can be used 

to coat over the nanoparticle for metal enhanced luminescence. 

In the former case if we are using sensitizers in the shell ad- 

ditional luminescence enhancement may be visible. In the latter 

case, there may be an increased radiative transition and enhanced 

luminescence only if the distance between luminescence species 

and the metal surface is between 5 and 20 nm [134] . A combi- 

nation of noble metal nanoparticles with luminescence species is 

collectively called plasmons. The oscillation of surface electrons in 

the nanoparticle can interact with the incident light leading to in- 

creased light absorption cross-section. Dolgov and co-workers pre- 

pared Mg 2 TiO 4 :Mn 

4 + with core-shell Ag@SiO 2 nanoparticles, and 

the luminescence intensity is observed to increase due to the core- 

shell structure ( Fig. 22 ) [135] . This approach can be used in the 

case of germanates. 
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Fig. 22. Emission spectrum of Mg 2 TiO 4 :Mn 4 + for different concentration of 

Ag@SiO 2 nanoparticles having 40 nm Ag cores. Reproduced with permission from 

Ref. [135] . 

5.2. Cationic modifications and co-doping 

It is known that Cr 3 + and Mn 

4 + ions are host-sensitive acti- 

vators and the phosphors activated by these ions include 3d-3d 

transitions. Hence, the cationic substitution is one of the most ef- 

ficient methods utilized for improving and modulating the emis- 

sion intensity of these phosphors [101] . It is already mentioned 

that partial substitution of K 

+ in the Rb + site of Rb 2 Ge 4 O 9 :Mn 

4 + 

phosphor can lead to emission enhancement [45] . Also, the partial 

substitution of Rb + ions in the Cs + sites of Li 3 CsGe 8 O 18 :0.01Mn 

4 + 

phosphor improved its quantum efficiency from 37% to 55% [97] . 

The optimized sample with the most efficient optical properties is 

Li 3 Cs 0.5 Rb 0.5 Ge 8 O 18 :0.01Mn 

4 + . Also, a slight red shift is observed 

in the emission spectra with Rb substitution which can be at- 

tributed to the local crystal structure variation and stronger crystal 

field strength with Rb substitution. Structural rigidity has a great 

role in luminescence property. Phosphor having greater structural 

rigidity shows greater emission. The substitution of Rb + in the Cs + 

site can alter the degree of distortion of Ge(1)O 6 octahedra where 

Mn 

4 + ions are going to be incorporated [97] . The change in the 

degree of distortion occurs because of the difference in the ionic 

radii of Rb + and Cs + . From the calculation of the degree of dis- 

tortion of Ge(1)O 6 octahedra for different Rb substituted samples, 

the optimized sample Li 3 Cs 0.5 Rb 0.5 Ge 8 O 18 :0.01Mn 

4 + has the small- 

est value showing its high structural rigidity thus greater emission 

[97] . While discussing how cationic modification enhancing red 

emission, the Ti 4 + , Sn 

4 + , and Si 4 + substituted Mg 14 Ge 5 O 24 :Mn 

4 + 

phosphor is worth mentioning even though it is mentioned in the 

alkali earth metal-based germanates in Section 3.2 . Here the sub- 

stitution of Ti 4 + at the Ge 4 + site could enhance the emission in- 

tensity by 2.49 times. The enhancement of PL emission in the Ti 4 + 

substituted phosphors can be attributed to the resonance effect. As 

we know the emission spectrum of Mn 

4 + is dominated by energy 

differences of some vibrionic bands which involved allowed transi- 

tion. During their vibrionic transitions, the energy waves travelling 

in the lattice obey the periodic function given by [101] , 

I = 4 I o Co s 2 
(

πd 

λ

)
(18) 

where I represent the relative intensity and d is the distance be- 

tween Mn 

4 + ions. The increase in d value due to the cation sub- 

stitution can alter the intensities of emission. In addition, the in- 

tensity of the emission peak will be higher when d is an in- 

tegral multiple of λ. This phenomenon is called the resonance 

emission enhancement effect, which plays a significant role in 

the enhancement of emission intensity in Ti 4 + ions substituted 

Mg 14 Ge 5 O 24 :Mn 

4 + phosphor [101] . 

Although in some cases, co-doping is carried out for charge 

compensation, this compensation is also found to be one of 

the efficient ways to tune the optical properties. In the case of 

Mg 3 Ga 2 GeO 8 :0.005Mn 

4 + phosphor, the emission intensity gets in- 

creased with the co-doping of Li + ions [111] . Here as already dis- 

cussed Mn 

4 + ions are substituting at Mg 2 + /Ga 3 + sites. If Mn 

4 + ions 

are substituting at the Mg 2 + sites, then the extra positive charges 

developed could be balanced by co-doping of Li + ions at the Mg 2 + 

sites leading to charge compensation as well as emission enhance- 

ment [111] . The persistent red luminescence of the Cr 3 + activated 

ZnGa 2 O 4 :0.005Cr 3 + phosphor is enhanced by substituting the co- 

dopant Bi 3 + at the Zn 

2 + site [120] . Similarly, the Sm 

3 + co-doping 

in LaAlO 3 :0.005Cr 3 + could also enhance the persistent red emis- 

sion [127] . Consequently, it can be concluded that co-doping and 

cationic modification is an efficient way of enhancing persistence 

and luminescence in Cr 3 + and Mn 

4 + doped phosphors. 

5.3. Energy transfer mechanisms 

The energy transfer mechanism involved between the co- 

dopant and the activator-like Cr 3 + and Mn 

4 + can also alter the 

intensity of red emission. In some cases, the co-dopant is found 

to act as a sensitizer. One of the best examples for the red 

emission enhancement via sensitizer is Bi 3 + and Mn 

4 + co-doped 

Mg 14 Ge 5 O 24 . Usually, Bi 3 + ion is known for its metal-to-metal 

charge transfer (MMCT) character between its outer 6 s 2 orbital 

and host metal cations with d 0 or d 10 system. The energy trans- 

fer mechanism involved between Bi 3 + and Mn 

4 + is represented 

schematically ( Fig. 23 (a)). Under the excitation of UV light, the 

electrons in the 1 S 0 state get excited to MMCT, 1 P 1 or 3 P 1 states. 

After that, these electrons may relax to lower excited 

3 P 1,0 states 

of Bi 3 + by the non-radiative process, followed by energy transfer to 

excited state 2 E g of Mn 

4 + ion, as shown in Fig. 23 (a). Under UV and 

blue excitations, electrons in the ground state of Mn 

4 + get excited 

to 4 T 1, 2 states. After that, these electrons may relax to a lower ex- 

cited 

2 E g state and produce amplified deep red emission about 10.6 

times greater than without Bi 3 + sample [100] . Xu et al. enhanced 

the red emission CaAl 12 O 19 :Cr 3 + by Sm 

3 + co-doping. Here the en- 

ergy transfer mechanism is involved between the Sm 

3 + and Cr 3 + 

( Fig. 23 (b)). Hence the energy transfer mechanism is one of the ef- 

ficient methods for enhancing red emission [136] . 

6. Thermal stability enhancement 

Thermal stability is an important requirement of phosphors 

during their practical applications in particular, in solid-state light- 

ing. Taking the LED application of phosphor as an example, the 

operating temperature of LED can exceed 150 °C due to the high 

input power density imparted in the chip. This heat may trans- 

fer to the phosphor [137] . Thermal stability of the efficient ger- 

manate Mg 14 Ge 5 O 24: Mn 

4 + which is capable of maintaining 75% of 

its initial intensity at 473 K is increased by the substitution of Ti 4 + 

cations to 85% at 473 K of its room- temperature emission inten- 

sity. Here, cation substitution leads to an increase in lattice dis- 

tortion which can induce traps (defects acting as electron trap- 

ping centres). These traps may be able to capture and store the 

phonon energy at room temperature from the excited state, and it 

will release the captured phonons to maintain the emission loss at 

high temperatures. The increased activation energy due to cation 

substitution can suppress the non-radiative transition and enhance 

thermal stability [101] . An alternative to a cationic substitution for 

enhancing thermal stability that can be suggested is the prepa- 

ration of core-shell morphology to protect the phosphor particles 

via shell. Already some graphite-like carbon nitride has been used 
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Fig. 23. Energy level diagrams and energy transfer process between (a) Bi 3 + and Mn 4+ . Adapted from Ref. [100] (b) Sm 

3 + and Cr 3 + Adapted from Ref. [136] . [(NR representing 

non-radiative relaxation). 

Fig. 24. Representation of different applications of Mn 4 + and Cr 3 + activated phos- 

phors. 

as a coating shell on Y 2 O 3 :Eu 

3 + ,Tb 3 + and Ca 9.5 Na 2 (PO 4 ) 7 :Eu 

2 + . At 

the elevated temperature, the outer shell can be able to isolate 

the luminescence centres from external effects (moisture, tempera- 

ture, etc.) and significantly reduce the surface defects. The coating 

layer combined with the phosphor favours the decrease of dan- 

gling bonds and defects on the surface of Y 2 O 3 :Eu 

3 + thereby mod- 

ifying the surface micro-structure effectively leading to enhanced 

thermal stability [138] . 

7. Potential applications 

In this section, the important present and some future appli- 

cations of Mn 

4 + and Cr 3 + activated deep red-emitting phosphors 

including W-LEDs, plant growth, security, night vision surveillance, 

decoration, in-vivo imaging, display, biomarking, etc. (illustrated in 

Fig. 24 ) have been highlighted. Some of the applications can be 

achieved only if these phosphors exhibit long persistent nature. 

Even though these wide varieties of applications are available for 

Cr 3 + and Mn 

4 + activated phosphors, we are focusing mainly on 

deep red-emitting Mn 

4 + and Cr 3 + germanate phosphors. 

7.1. W-LED applications 

Most of the reports on Mn 

4 + -activated germanates are aiming 

for providing an efficient red component for the commercial W- 

LEDs. A famous commercialized method to produce white light 

is to combine broad yellow emitting Y 3 Al 5 O 12 :Ce 3 + (YAG:Ce 3 + ) 
phosphor along with blue InGaN LED. However, due to the defi- 

ciency of the red component and higher correlated colour tem- 

perature (CCT) value, this commercially available W-LED faces a 

severe CRI problem [48] . To resolve the colour rendering issue of 

this system, Mn 

4 + -activated phosphors perhaps are a good solu- 

tion as Mn 

4 + ions can be activated by the blue excitations. Li et al. 

used optimized LiNaGe 4 O 9 :0.05%Mn 

4 + for warm W-LED fabrication 

[89] . They fabricated a W-LED by combining blue InGaN LED chip, 

LiNaGe 4 O 9 :0.05%Mn 

4 + , and YAG:Ce 3 + and able to produce warm 

white light with a CCT value of 3353 K and CRI value of 69.2. But 

these systems do not have competing luminous efficiency, which 

shows the urge for another Mn 

4 + -doped phosphor for this applica- 

tion [89] . Ding et al. fabricated a W-LED using 455 nm InGaN LED 

chip, YAG:Ce 3 + , and K 2 Ge 4 O 9 :0.001Mn 

4 + phosphor in various em- 

pirical ratios. While increasing the weight ratio of K 2 Ge 4 O 9 :Mn 

4 + , 
the CCT values decrease from 6343 K to 3119 K, while the CRI value 

increases from 65.4 to 84.1. After tuning the weight ratio, the opti- 

mized white LED has a CIE value of (0.405, 0.356), and a CCT value 

of 3119 K, and a CRI of 84.1 [90] . 

Yan et al. fabricated three W-LEDs using the three dif- 

ferent deep red-emitting phosphors (Li 3 RbGe 8 O 18 :0.01Mn 

4 + , 
Li 3 CsGe 8 O 18 :0.01Mn 

4 + , and Li 3 Cs 0.5 Rb 0.5 Ge 8 O 18 :0.01Mn 

4 + ) by 

combining each one of them separately with the blue-emitting 

InGaN chip, and the yellow emitting YAG:Ce 3 + [97] . Amongst these 

W-LEDs, the W-LED fabricated using Li 3 Cs 0.5 Rb 0.5 Ge 8 O 18 phosphor 

has good CRI (90.8) and CCT (4474 K) values. Our research group 

recently reported W-LEDs by combining the red-emitting Mn 

4 + , 
Mg 2 + co-doped Li 3 RbGe 8 O 18 :Mg 2 + ,0.005Mn 

4 + nanophosphor and 

YAG:Ce 3 + using blue InGaN chip [133] . The electroluminescence 

(EL) spectra of W-LED for various mixing ratio of YAG:Ce 3 + yellow 

phosphor and red nanophosphor along with their digital images 

and CIE plots are depicted in Fig. 25 (a)-(c). The transition of cool 

white light (with a CCT of 6952 and CRI of 71) to the natural 

white light (with CCT of 5025 and CRI of 92) with the increment 

in red phosphor component can be easily identified from the 

digital images [133] , as well as from the CIE diagram, as shown in 

Fig. 25 . 

Liang et al. fabricated W-LED by combing the blue InGaN chip 

with the yellow emitting YAG:Ce 3 + and Mg 14 Ge 5 O 24 :0.002Mn 

4 + 

[80] . The CCT, CRI, and CIE values of the fabricated W-LED are ob- 

served to be 2864 K, 80.6, and (0.36, 0.38), respectively. These re- 

sults are found to be much better than the LED fabricated with- 

18 



K.K. Thejas, M. Abraham, Arup K. Kunti et al. Applied Materials Today 24 (2021) 101094 

Fig. 25. (a) EL spectra of the W-LEDs fabricated with the various mixing ratios of YAG:Ce 3 + and Li 3 RbGe 8 O 18 :0.005Mn 4 + ,Mg 2 + ((i) 1:0, (ii) 1:1, (iii) 2:3, and (iv) 3:7), 

combined with 460 nm blue InGaN chip. (b) The digital images of the W-LEDs ((i) 1:0, (ii) 1:1, (iii) 2:3, and (iv) 3:7. (c) CIE plot showing the change in CCT values for 

different mixing ratio. Reproduced with permission from Ref. [133] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 

out the Mg 14 Ge 5 O 24 :0.002Mn 

4 + phosphor suggesting its suitabil- 

ity for solving the deficiency of red component in W-LEDs [80] . 

As cationic substitution in this phosphor (Mg 14 Ge 5 O 24 :Mn 

4 + ) could 

increase the emission intensity, the W-LED is also fabricated using 

the optimized cationic substituted Mg 14 Ge 4.5 Ti 0.5 O 24 :Mn 

4 + 440 nm 

blue chip, and YAG:Ce 3 + [101] . The CCT value, CRI value, and 

CIE coordinate of the optimized cationic substituted W-LED are 

3566 K, 87.3, and (0.45, 0.35), respectively. Moreover, the lumi- 

nescence efficiency and the R a value of this optimized W-LED are 

109.42 lm/W and 93, respectively, showing the enhanced red spec- 

tral saturation [101] . 

Other important phosphors used for the fabrication of W-LED 

are SrGe 4 O 9 :0.005Mn 

4 + and BaGe 4 O 9 :0.005Mn 

4 + [106] . W-LED 

was fabricated by combing the blue InGaN chip with YAG and the 

respective phosphors. The obtained CRI and CCT values for W-LED 

fabricated using BaGe 4 O 9 :Mn 

4 + is 92.1 and 3082 K, respectively, 

whereas these values for W-LED fabricated using SrGe 4 O 9 :Mn 

4 + 

is 89.1 and 3440 K. Thus, based on the obtained results, 

BaGe 4 O 9 :0.005Mn 

4 + provides a better deep red component for 

W-LED than SrGe 4 O 9 :0.005Mn 

4 + [106] . Mg 3 Ga 2 GeO 8 :0.005Mn 

4 + is 
another phosphor that can be efficiently used for W-LED. Here the 

ratio of the blue-emitting BaMgAl 10 O 17 :Eu 

2 + (BAM:Eu 

2 + ), green- 

emitting Sr 2 SiO 4 :Eu 

2 + , and red-emitting Mg 3 Ga 2 GeO 8 :0.005Mn 

4 + 

are tuned and combined with the GaN NUV chip to fabricate W- 

LED. The optimized fabricated W-LED produces white light with a 

CIE value of (0.316,0.375) and a CCT value of 3340 K [111] . Like- 

wise, Mn 

4 + ions, Cr 3 + activated red-emitting phosphors are also 

used for W-LED application. A W-LED was fabricated by combin- 

ing the red-emitting Y 3 Al 5 O 12 :Cr 3 + with the blue InGaN chip and 

YAG:Ce 3 + . The fabricated W-LED has a CRI value of 76.4 and a CCT 

value of 5236 K [139] . 

7.2. Long-glow applications 

The long glow or dark glow phosphors have crucial applica- 

tions in the areas of optical memory, decoration, in-vivo imag- 

ing, traffic signs, imaging storage, etc. Deep red-emitting phos- 

phor plays a crucial role in traffic signs and other important 

dark glow applications due to its higher wavelength emission. Ac- 

Fig. 26. In-vivo images of the mouse after injection of Zn 2.94 Ga 1.96 Ge 2 O 10 :Cr 3 + ,Pr 3 + 

phosphor. Reproduced with permission from Ref. [140] . 

cording to Rayleigh scattering, the scattering of light is inversely 

proportional to the fourth power of wavelength. Deep red light 

greater than 650 nm undergoes the least scattering during the 

cloudy atmosphere, fog time, and translucent situation. Generally, 

Cr 3 + -activated phosphors serve the purpose of long red afterglow 

emission. Few Mn 

4 + -activated red afterglow phosphors including 

Mg 2 GeO 4 :0.001Mn 

4 + are also reported [98] . Previously mentioned 

ZnGa 2 O 4 :0.005Cr 3 + -Bi 3 + [120] , Zn(Ga 1-x Al x ) 2 O 4 :0.005Cr 3 + ,0.01Bi 3 + 

[65] , and LaAlO 3 :0.005Cr 3 + perovskite [127] are the best ex- 

amples for long persistent phosphors emitting deep red light. 

Some of these phosphors are also found to be used in-vivo 

imaging. Deep red to NIR range corresponds to the higher 

transmittance wavelength range of biological tissue called bio- 

logical optical window [127] . The Cr 3 + activated NIR emitting 

Zn 2.94 Ga 1.96 Ge 2 O 10 :Cr 3 + ,Pr 3 + phosphor is successfully used for in- 

vivo imaging, and its in-vivo images are shown in Fig. 26 . Before 

injecting the phosphor into the body of the mouse, it is irradiated 

with a 254 nm UV lamp. After that in-vivo images were collected 
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Fig. 27. Red emission images of La 3 GaGe 5 + x O 16-x :0.01Cr 3 + ( −0.005 < x < 0.05) at dif- 

ferent afterglow time with same exposure time. Reproduced with permission from 

Ref. [141] . (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

for more than 450 min without any excitation [140] . Eventually, 

La 3 GaGe 5 O 16 :0.01Cr 3 + can also be used for in-vivo imaging, medi- 

cal imaging, night vision due to its emission range (650–750 nm) 

and better afterglow time (more than 30 min) [141] . The red emis- 

sion images of this phosphor for different afterglow time by vary- 

ing Ge/O content is shown in Fig. 27 and it clearly shows that Ge/O 

content deficiency can improve the persistent luminescence and 

afterglow time. This observation can be attributed to the close re- 

lationship between persistent luminescence of this phosphor with 

oxygen or germanium deficiency in the host [141] . 

7.3. Security applications 

Mn 

4 + /Cr 3 + activated deep red-emitting phosphors have a sig- 

nificant role in security and forensic applications, including latent 

fingerprint visualisation. The development of fluorescent nanoma- 

terials for the detection of latent fingerprints requires good con- 

trast with minimal background interference. Pavitra et al. reported 

Ba 2 LaNbO 6 :0.25Mn 

4 + nanophosphor to visualize all the features 

such as to individualize the minute fingerprint details such as ter- 

mination, bifurcation, core, and ridge clearly and to identify partial 

or damaged fingerprints on various nonporous surfaces [142] . The 

Ba 2 LaNbO 6 :0.25Mn 

4 + nanorod-like particles exhibited good adhe- 

sion with the fingerprint ridges on all the nonporous surfaces 

without any background staining and displayed a well-defined pat- 

tern, which is clearly visible to the naked eye [142] . Yang et al. re- 

ported Mg 2 TiO 4 :Mn 

4 + for the same application [129] . Fluorescent 

images of latent fingerprints stained using this phosphor on glass 

and other substrates are shown in Fig. 28 [129] . 

King and co-workers used NIR emitting persistent 

Zn 3 Ga 2 Ge 2 O 10 :0.5%Cr 3 + phosphor activated by sunlight for finger- 

mark visualization. Since the background patterns and textures 

make no transmission at higher wavelengths imaging of substrates 

in the NIR region of the spectra can mute these background 

patterns and textures [143] . Most of the Mn 

4 + /Cr 3 + activated 

germanates are having emissions above 650 nm but in the visible 

region. So that these deep red-emitting phosphors can take the 

advantage of its higher wavelength for muting the background 

and textures. At the same time, it can use its emission in the eye 

sensitive region for latent fingerprint visualization. 

7.4. Display applications 

Apart from lighting applications, deep red-emitting phosphors 

can be efficiently used for various display applications. Recently 

Mn 

4 + activated fluoride phosphor K 2 NaScF 6 with narrow-band 

red emission peaking at 630 nm were reported [144] . But phos- 

phor with deep-red emission 650 nm or greater are highly 

preferred for providing a wide colour gamut in UHD TV ac- 

cording to ITU-R BT.2020–2 recommendations [6] . Reportedly, 

Li 3 RbGe 8 O 18 :0.005Mn 

4 + phosphor with emission spectra peaking 

at 667 nm ( Fig. 11 (b)) is one of the best examples for display ap- 

plication that can be used for providing a wide colour gamut in 

UHD TV [6] . Another efficient Mn 

4 + doped phosphor showing ap- 

plication as wide gamut backlight is Mg 14 Ge 4.5 Ti 0.5 O 16 :Mn 

4 + [101] . 

Amongst different Cr 3 + activated phosphors, MgAl 2 O 4 :0.05Cr 3 + 

finds potential applications in solid-state displays and lasers due 

to its suitable CCT and CIE value. The CIE coordinates ( x = 0.633, 

y = 0.366) of this phosphor is very much close to the standard 

value given by NSTC (National television standard committee) and 

its CCT value is 2109 K ( Fig. 29 ) [145] . 

7.5. Plant growth applications 

Comparing to the traditional horticulture lighting available for 

plant growth, LEDs possess greater advantages owing to their 

durability, compact size, and long liveness. Many of the reported 

germanate phosphors show their promising application in opti- 

cal agriculture and indoor planting as these deep red-emitting 

phosphors can convert the unwanted UV light to deep red light. 

The wavelength of deep red light emitted by germanates matches 

with the absorption range of chlorophylls responsible for pho- 

tosynthesis in plants and thus this range of wavelengths helps 

in the photoperiodic effects in plants. Consequently, germanates 

are potential candidates for agriculture sunlight spectrum con- 

verter and LEDs, which can be used for indoor plant cultivation 

[ 100 , 102 , 105 ]. Some of the reported Mn 

4 + -activated germanates for 

plant growth applications are Mg 3.5 Ge 1.25 O 6 :0.0125 Bi 3 + ,0.01Mn 

4 + 

[100] , Ba 2 GeO 4 :0.006Mn 

4 + [102] , Ba 2 TiGe 2 O 8 :0.006Mn 

4 + [103] , 

and BaAl 2 Ge 2 O 8 :0.001Mn 

4 + [105] . The emission wavelength of 

these phosphors is matching well with the absorption spectrum of 

chlorophylls. The PL emission spectrum of Ba 2 TiGe 2 O 8 :0.006Mn 

4 + 

[103] and its potential application in plant growth is illustrated in 

Fig. 30 . This phosphor has a CIE value of (0.7188, 0.2811) which is 

in the deep-red region [103] . One of the potential Cr 3 + activated 

red-emitting phosphors that can be used for plant growth LEDs is 

BaMgAl 10 O 17 :0.01Cr 3 + [146] . 

7.6. Thermometry applications 

Luminescence temperature sensors are grasping more attention 

during these times owing to their fast response, better spatial res- 

olution, and comparatively low perturbation of sample temper- 

ature during measurement [147] . Germanates phosphors can ef- 

fectively be used for optical thermometry applications. The cur- 

rently available phosphor-converted optical thermometry has some 

disadvantages such as narrow temperature range, energy loss in 

multiple activators due to the energy transfer process and rela- 

tively low sensitivity, etc. A single activator doped phosphor with 

high sensitivity and relatively high-temperature range is required 

for thermometry application. Reportedly, Mg 14 Ge 4.5 Ti 0.5 O 24 :Mn 

4 + 

finds potential application in optical thermometry as it shows 

an abnormal variation in the intensity of Stokes and anti-Stokes 

lines with temperature [101] . The lattice distortion induced by 

the cation (Ti 4 + → Ge 4 + ) substitution has a significant effect on 

temperature-dependant luminescence. Here the emission spectrum 
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Fig. 28. Images of latent fingerprints stained with Mg 2 TiO 4 :Mn 4 + phosphor on (a) glass, (b) Si wafer, and (c) plastic; regions squared in images, 1: termination; 2: bridge; 

3: eyes; 4: island; 5: whorl; 6: bifurcation; 7: hook. Reproduced with permission from Ref. [129] . 

Fig. 29. CIE and CCT diagram of MgAl 2 O 4 :0.05Cr 3 + . Reproduced with permission 

from Ref. [145] . 

of the sample is recorded by varying the temperature from 6.9–

303 K and 303–473 K. 

It is observed that the emission intensity of Stokes lines in- 

creases with the increase in temperature whereas the intensity 

of anti-Stokes lines decreases with an increase in temperature 

( Fig. 31 ). This high-temperature dependence behaviour makes this 

phosphor a potential candidate for optical thermometry. To eval- 

uate the performance of this phosphor as a thermometer the ab- 

solute sensitivity (S a ) as well as relative sensitivity (S r ) were cal- 

culated in the temperature range 6.9 K to 303 K. The maximum 

S r value is 2.71% K 

−1 and the maximum S a value is 0.00152 K 

−1 

which are calculated at temperatures 97 K and 215 K, respec- 

tively. This maximum S r value is comparatively greater than that 

of most of the reported optical thermometry materials. The con- 

verse change in Stokes and anti-Stokes peaks, broad temperature 

range, and higher relative sensitivity make this phosphor suitable 

for thermometry application [101] . 

One of the best examples of Cr 3 + -activated phosphor for the 

thermometry application is LaGaO 3 :0.005Cr 3 + phosphor [148] . It 

can be used as an optical nano thermometer for sensing temper- 

ature below room temperature as well as at above room temper- 

ature. Here the temperature-dependant peak intensity, as well as 

the lifetime changes with the temperature, are used for sensing 

[148] . Another important phosphor coming under this category is 

Cr 3 + -activated Sr 2 MgAl 22 O 36 :0.02Cr 3 + phosphor [149] . 

7.7. Solar energy applications 

Fig. 32 (a) represents the spectral mismatch between the 

bandgap of silicon solar cell and incident photon energy coming 

from sunlight that causes difficulty in converting the solar energy 

to electricity. The bandgap of the Si cell is appropriate for absorb- 

ing deep red and NIR region, but the incident solar energy con- 

tains the UV content. Hence luminescent solar concentrator or a 

downconverter capable of collecting solar photons and convert- 

ing them into matching bandgap energy of Si cells is highly re- 

quired [123] . The Solar spectrum showing a potential gain from 

the downconversion of UV rays for a silicon solar cell is repre- 

sented in Fig. 32 (a). As seen from Fig. 32 (b), a transparent layer 

of downconverters is situated on the top of the solar cell. They 

are used for converting UV photons to a red-rich spectrum [150] . 

Fig. 30. The PL emission, excitation spectra and CIE diagram of Ba 2 TiGe 2 O 8 :0.006Mn 4 + . Reproduced with permission from Ref. [103] . 
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Fig. 31. PL emission spectrum of Mg 14 Ge 4.5 Ti 0.5 O 24 :Mn 4 + by varying temperature from (a) 6.9–303 K and (b) 303–473 K. Reproduced with permission from Ref. [101] . 

Fig. 32. Schematic representation of (a) a potential gain for down- and upconver- 

sion for a silicon solar cell; (b) solar cell with down converter. Adapted from Ref. 

[150] . 

Mn 

4 + doped germanates are suitable for down-converting appli- 

cations. Comparing to fluorides these phosphors are accomplished 

with emission in the deep-red region (greater than 650 nm) and 

strong absorption in UV. J. Zhou et al. reported that Cr 3 + -activated 

La 3 GaGe 5 O 16 :0.03Cr 3 + phosphor in luminescence solar concentra- 

tor can significantly enhance the efficiency of Si cell due to its UV 

absorption as well as deep red and NIR emission [123] . The emis- 

sion peak of this phosphor is centred at 700 nm ( Fig. 33 ) [123] . 

8. Summary, future and perspective 

In this review article, we have reviewed the spectroscopic prop- 

erties of the Mn 

4 + /Cr 3 + activated deep red-emitting oxide phos- 

phors, in particular germanates. According to our literature re- 

Fig. 33. Excitation and emission spectrum of La 3 GaGe 5 O 16 :0.03Cr 3 + phosphor ap- 

plicable in luminescence solar concentrator. Reproduced with permission from Ref. 

[123] . 

view, Mn 

4 + activated germanates can be classified into three cat- 

egories: alkali metal-based germanates, alkaline-earth metal-based 

germanates, and lanthanum-based germanates. Further, a study on 

the crystal structure-dependant luminescence behaviour of these 

Mn 

4 + /Cr 3 + deep red-emitting phosphors is also discussed. From 

the detailed analysis of the crystal structures, it is concluded that 

for the efficient optical properties, Mn 

4 + ions should possess a well 

isolated octahedral geometry. The Cr 3 + activated phosphors are ca- 

pable of giving long persistent character. However, it is difficult for 

Mn 

4 + activated phosphors to produce the same. Most of the ger- 

manate phosphors discussed here do not possess good morphol- 

ogy. Phosphor with spherical morphology is highly needed in prac- 

tical applications since it enables dense packing of luminescence 

layer, and it can minimize the loss due to scattering. Eventually, 

there is a lack of efficient germanate phosphors having a particle 

size in the nano range, which is mainly arising due to the problems 

associated with the synthesis techniques. Phosphors with nano- 

size are highly desirable since particle with smaller size is pre- 

ferred for the high resolution display and imaging applications. The 

majority of the phosphors discussed here have comparatively low 

quantum efficiency. Consequently, good synthetic methods that can 

simultaneously improve the morphology, as well as red emission, 

are required. The microwave-assisted sol-gel method is one of the 

efficient methods that we can suggest for solving this problem. 

Moreover, a detailed description of various other methods that can 
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be used for enhancing the red emission as well as the thermal sta- 

bility of red-emitting phosphor is discussed. We have presented 

the possible and potential application of these phosphors in the 

last part of the review. Most of the reports discussed here focus 

on the W-LED application. The next generation of oxide phosphors 

will be Cr 3 + and Mn 

4 + activated deep red to NIR emitting phos- 

phors. So that in addition to W-LEDs, the applications can be ex- 

tended to wide areas including medical diagnosis, in-vivo imaging, 

night vision surveillance, security, etc. 
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ABSTRACT: Red emission from Mn4+-containing oxides inspired
the development of high color rendering and cost-effective white-
light-emitting diodes (WLEDs). Aiming at this fact, a series of new
crystallographic site modified (Mg, Ba)3M2GeO8: Mn4+ (M = Al, Ga)
compositions were developed with strong deep-red emission in the
reaction to UV and blue lights. The Mg3Al2GeO8 host is composed of
three phases: orthorhombic-Mg3Ga2GeO8, orthorhombic-Mg2GeO4,
and cubic-MgAl2O4. However, Mg3Ga2GeO8 secured an orthorhom-
bic crystal structure. Interestingly, Mg3Al2GeO8: Mn4+ showed a 13-
fold more intense emission than Mg3Ga2GeO8: Mn4+ since Mn4+

occupancy was preferable to [AlO6] sites compared to [GaO6]. The
coexisting phases of MgAl2O4 and Mg2GeO4 in Mg3Al2GeO8: Mn4+

contributed to Mn4+ luminescence by providing additional [AlO6]
and [MgO6] octahedrons for Mn4+ occupancy. Further, these sites reduced the natural reduction probability of Mn4+ to Mn2+ in
[AlO4] tetrahedrons, which was confirmed using cathodoluminescence analysis for the first time. A cationic substitution strategy was
employed on Mg3M2GeO8: Mn4+ to improve the luminescence, and Mg3−xBaxM2GeO8: Mn4+ (M = Al, Ga) phosphors were
synthesized. Partial substitution of larger Ba2+ ions in Mg2+ sites caused structural distortions and generated a new Ba impurity phase,
which improved the photoluminescence. Compositionally tuned Mg2.73Ba0.27Al1.993GeO8: 0.005Mn4+ exhibited a 35-fold higher
emission than that of Mg3Ga1.993GeO8: 0.005Mn4+. Additionally, this could retain 70% of its ambient emission intensity at 453 K. A
warm WLED with a correlated color temperature (CCT) of 3730 K and a CRI of 89 was fabricated by combining the optimized red
component with Y3Al5O12: Ce3+ and 410 nm blue LED. By tuning the ratio of blue (BaMgAl10O17: Eu2+), green
(Ce0.63Tb0.37MgAl11O19), and red (Mg2.73Ba0.27Al2GeO8: 0.005Mn4+) phosphors, another WLED was developed using a 280 nm
UV-LED chip. This showed natural white emission with a CRI of 79 and a CCT of 5306 K. Meanwhile, three red LEDs were also
fabricated using the Mg2.73Ba0.27Al1.993GeO8: 0.005Mn4+ phosphor with commercial sources. These could be potential pc-LEDs for
plant growth applications.
KEYWORDS: Mn4+ emission enrichment, cationic substitutions, distorted lattice, photo- and cathode-luminescence, light-emitting diodes

1. INTRODUCTION
Deep-red-emitting Mn4+-activated oxides are gathering exten-
sive attention as suitable replacements for expensive rare-earth-
based phosphors for potential applications in white-light-
emitting diodes (WLEDs), security, sensing, plant growth,
detectors, etc. Several Mn4+-doped fluorides have recently been
commercialized due to their eye-sensitive red peak at ∼630
nm.1−3 Regretfully, these phosphors are unstable and require the
use of highly corrosive HF for synthesis.1−3 However, Mn4+-
activated oxide phosphors have advantages such as eco-friendly
preparation, higher thermal as well as chemical stability, and
deep-red emission (λem > 650 nm). Moreover, Mn4+ ions can be
stabilized in the Al3+ (rAlOd6

= 0.535 Å) and Ge4+ (rGeOd6
= 0.53 Å)

octahedrons due to close ionic sizes with Mn4+ (rMnOd6
= 0.53

Å).3−8 Recently reported potential hosts such as Li3RbGe8O18,4

Mg14Ge5O24,9 Mg2TiO4,10 Mg3Ga2GeO8,11 BaGe4O9,12, etc. are
observed to be suitable for Mn4+ ions to generate a deep-red
emission. However, the red emission intensity of these samples
needs to be enhanced further for commercial lighting and
display applications.

Huang et al. intensified the deep-red emission of Mg14Ge5O24:
Mn4+ by Bi3+ coactivation,13 which sensitized Mn4+ ions
effectively. Liang et al. boosted the deep-red emission of this
phosphor by 2.49 times via substituting Ti4+ and Sn4+ in the Ge4+
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octahedrons, and it introduced some resonance effects due to
the multiple luminescence centers.14 Likewise, the emission
intensity of Mg2TiO4: Mn4+ was immensely improved via Ge4+-
ion substitution in Ti4+ sites. Such a replacement enhanced the
conversion of more [TiO6] octahedrons to [GeO6], which
separated adjacent Mn4+ ions and interrupted the energy
migrations among Mn4+ ionic pairs within the lattice.15

Recently, Mg2+ codoping in Li sites was employed to increase
the emission intensity of Li3RbGe8O18: Mn4+ by reducing
surface defects (conversion of surface oxygen to lattice
oxygen).16

Since Mn4+ is a matrix-sensitive activator, cation substitution
can induce a considerable impact on luminescence properties.
Due to this fact, Mn4+-activated Mg3Ga2GeO8

11 was chosen for
a case study and the emission intensity could be intensified via
suitable cationic modifications. A major advantage of this
phosphor is its multiple luminescence centers. According to
Ding et al., Mn4+ ions can occupy both [MgO6] and [GaO6]
octahedrons and produce a deep-red emission at 659 nm.
Synthesizing mixed-phased hosts could be another promising
strategy for improving luminescence efficiency. Wu et al.
developed Mn4+-activated red phosphor composed of
CaAl12O19 and MgAl2O4 phases,17 where the coexisting phase

MgAl2O4 acted as a flux throughout the sintering process and
increased the crystallinity and red emission intensity.

Herein, a new class of deep-red-emitting Mg3M2GeO8: Mn4+

(M = Al, Ga) compositions were developed. In particular, the
Mg3Al2GeO8: Mn4+ emission is higher than that of
Mg3Ga2GeO8: Mn4+. The substitution of Ba2+ ions in the
Mg2+ sites enhanced the deep-red emission substantially. The
presence of a new impurity-phase tetragonal-Ba2MgGe2O7 was
identified with Ba2+ substitution in Mg3Al2GeO8: Mn4+ and
Mg3Ga2GeO8: Mn4+ samples. The emission intensity of the
compositionally tuned Mg2.73Ba0.27Al2GeO8: 0.005Mn4+ was
found to be 3- and 35-fold greater than Mg3Al2GeO8: Mn4+ and
Mg 3 Ga2 GeO 8 : Mn 4 +, respectively . The optimized
Mg2.73Ba0.27Al2GeO8: 0.005Mn4+ phosphor showed an extensive
choice of absorption features reaching from UV to blue and
emitting intense red light maxima at 659 nm. This emission
wavelength matches well with the chlorophylls’ absorption
choice accountable for plants’ photosynthesis, and accordingly,
it could be effective for indoor plant cultivation.18 Moreover, the
intense red emission with 100% color purity of the optimized
composition makes it a suitable red phosphor candidate to
enhance the color rendering index (CRI) and reduce the
correlated color temperature (CCT) of commercial phosphor-
based white LEDs.

Figure 1. Rietveld refinement patterns of (a) MAG and (b) MGG. (c) Representation of an orthorhombic crystal arrangement for Mg3M2GeO8 (M =
Al, Ga) with the corresponding polyhedrons of (d) MAG and (e) MGG.
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2. EXPERIMENTAL SECTION
2.1. Material Synthesis. The phosphors Mg3Al(2−4/3×0.005)GeO8:

0.005Mn4+ (MAG: Mn4+), Mg3Ga(2−4/3×0.005)GeO8: 0.005Mn4+

( M G G : M n 4 + ) , a n d a s e r i e s o f B a 2 + - s u b s t i t u t e d
Mg3−xAl(2−4/3×0.005)GeO8: 0.005Mn4+, xBa2+ (MAG: Mn4+, xBa2+)
and Mg3−xGa(2−4/3×0.005)GeO8: 0.005Mn4+, xBa2+ (MGG: Mn4+, xBa2+)
compositions were prepared via the solid-state synthesis method. MgO
(99.99%), Ga2O3 (99.99%), Al2O3 (99.6%), GeO2 (99.998%), MnO2
(>99%), BaCO3 (99.8%), and 0.25 wt % H3BO3 (99.999%) are the raw
materials (purchased from Sigma-Aldrich) used for synthesis. Required
raw materials for the synthesis of different compositions are weighed
and taken in a stoichiometric ratio. These raw materials were mixed
with ethanol in an agate mortar and ground for 30 min. After drying, a
white powder was obtained, and it is preheated in an air furnace at 600
°C for 2 h followed by sintering at 1300 °C for 6 h with intermediate
grinding. The heating rate applied for calcination was 5 °C/min. After
cooling, the final powder was ground and used for further character-
ization.
2.2. Characterization. The crystal structures of the obtained

samples were analyzed by collecting the X-ray powder diffraction
(XRD) patterns using a Malvern PANalytical B.V. EMPYREAN 3
diffractometer with Ni-filtered Cu Kα radiation (λ = 1.54 Å). Rietveld
refinement analysis was carried out using GSAS2 software. Micro-
Raman spectroscopy was performed using an Alpha 300 R, WITec
Spectra PRO Raman spectrometer using a laser power of 10 W. The X-
ray photoelectron spectroscopy (XPS) analysis was accomplished with
a PHI 5000 VersaProbe II equipped with a micro-focused (200 μm, 15
kV) monochromatic Al Kα X-ray source (1486.6 eV). The structural
properties were identified using a high-resolution transmission electron
microscope (HRTEM), JEOL JEM-F200. The morphology, including
elemental investigation of the prepared samples, was examined using
scanning electron microscopy (JEOL JSM-5600 LV SEM). The UV−
vis diffuse reflectance spectra (DRS) measurements were recorded
using a Shimadzu UV−vis−NIR spectrophotometer (UV 3600). The
photoluminescence (PL) excitation, emission, quantum efficiency
(QE), and lifetime were investigated using a Yvon Fluorolog 3
spectrofluorimeter having a 450 W xenon irradiation source. The
cathodoluminescence (CL) spectral analysis was performed by an
Attolight Chronos CL-scanning electron microscope. The CL spectra
were achieved with an achromatic reflective objective (numerical
aperture 0.72) that delivers persistent recording capacity over a
diameter field view of ∼150 μm. The electron beam acceleration voltage
and current were fixed at 6 kV and 2 nA, respectively. The CL emission
spectra were dispersed with a Horiba diffraction grating (150 grooves/
mm) and taken with an Andor Newton charge-coupled device (CCD)
camera (1024 × 256 pixels, pixel width 26 μm). The resultant spectral
dispersion was 0.53 nm/pixel.

For evaluating the device performances, the optimum red
component was mixed with Y3Al5O12: Ce3+ (YAG: Ce3+), and the
mixture was incorporated with poly(methyl methacrylate) (PMMA;
Sigma-Aldrich). With the above mixture, acralyn cold-curing liquid
(Asian Acrylates, India) was added during stirring to make a thick paste.
The paste was then deposited on a 410 nm violet-blue InGaN LED,
which functioned at 300 mA. The electroluminescence (EL) behaviors
of the phosphor-LED system were recorded using a CCD
spectrophotometer (Ocean Optics Maya 2000 Pro). Another WLED
was fabricated by mixing the optimum red component with the
commercial blue and green components in an appropriate ratio. The EL
spectra for these WLEDs and red LEDs were measured using the same
spectrophotometer with 280 nm LEDs at a 1 A current.

3. RESULTS AND DISCUSSION
3.1. Elucidation of Structural Information. The XRD

pattern of the inactivated Mg3Al2GeO8 (MAG) was Rietveld-
refined with three phases, viz. orthorhombic-Mg3Ga2GeO8 (o-
MGG, space group Imma), orthorhombic Mg2GeO4 (o-MGO,
space group Pnma), and cubic-MgAl2O4 (c-MAO, space group
Fd-3m). The refinement pattern of this mixed-phase composi-

tion is shown in Figure 1a, where MAG, an analog of the
orthorhombic Mg3Ga2GeO8 phase (space group Imma),
appears as the main phase. The refinement results are tabulated
in the Supporting Information (Tables S1 and S2), and the
corresponding crystal structure, drawn using Vesta software, is
shown in Figure 1c. The crystal assembly of the MAG phase
consists of octahedral and tetrahedral units captured by the
Mg2+/Al3+ ions and Ge4+/Al3+ ions, respectively. Here, Mn4+

ions preferentially occupy any of the three octahedrons provided
by (Mg1/Al1), (Mg2/Al2), and (Mg3/Al3) sites, as shown in
Figure 1c, due to the strong ligand field stabilization energy of
Mn4+ ions in the octahedral sites.19,20 Meanwhile, the Rietveld
analysis of Mg3Ga2GeO8 (MGG) indicated that this host is
crystallized in the orthorhombic arrangement with the space
group of Imma (Figure 1b). A small fraction of impurity-phase o-
MGO is also observed in this structure. According to Ding and
co-workers, the activator Mn4+ ions can reliably occupy the
[MgO6] and [GaO6] octahedrons rather than the [GeO4] or
[GaO4] tetrahedrons in this host.11

The calculated lattice parameters of MAG and MGG samples
are listed in Table S1, and the obtained metal−oxygen bond
lengths for their structures are presented in Table S4. The lower
value of the lattice volume of the MAG host (534.06 Å3) in
comparison with that of MGG (569.13 Å3) can be attributed to
the smaller ionic radii of Al3+ (rAlOd6

= 0.53 Å) ions compared to
Ga3+ (rGaOd6

= 0.62 Å) ions in the subsequent octahedral
coordination. The [(Mg/Al)O6] octahedrons and [AlO4]
tetrahedrons in the MAG sample are found to be more
contracted and distorted relative to the [(Mg/Ga)O6]
octahedrons and [GaO4] tetrahedrons in the MGG sample, as
can be seen in Figure 1d,e, respectively.15 Such a contraction can
be ascribed to the smaller Al−O bond lengths of the MAG
compared to Ga−O bond lengths in the MGG (Table S4).
Similar kinds of lattice volume reduction and bond-length
contraction have been reported previously for Ca3Ga2Ge3O12
and LiGaGe2O6 hosts due to Al substitution in Ga sites.21,22

The high-resolution microscopic analysis was also carried out
for the samples MAG and MGG to verify the presence of
different phases present in both samples by identifying the
interplanar spacing of adjacent lattice fringes. Figure 2a,b depicts
the HRTEM images of MAG and MGG host matrices,
respectively. Figure 2a-i presents the magnified version of a
region of the HRTEM image of MAG. The interplanar distance
of the fringe pattern of this section is calculated to be 2.56 Å,
which is attributed to the (1 3 2) lattice planes of the
orthorhombic-MGG phase (JCPDS 039-1108). Likewise, the
other two insets, Figure 2a-ii, and Figure 2a-iii depict the two
different regions of the HRTEM image of MAG. The interplanar
distances of the fringe arrangements in these two magnified
regions are calculated to be 2.88 and 3.06 Å, respectively, which
correspond to the (2 2 0) and (2 1 1) planes of the cubic-MAO
(JCPDS 086-0096) and orthorhombic-MGO (JCPDS 078-
2316) phases, respectively. However, only one existing phase has
been identified in the HRTEM image of the MGG host, in which
the interplanar distances of 4.77 and 2.67 Å (Figure 2b-i,ii,
respectively) correspond to the (1 0 1) and (2 1 1) planes of the
orthorhombic-MGG phase (JCPDS 039-1108).

Existence of all of the major elements in the MAG: Mn4+

sample including Mg, Al, Ge, O, and Mn4+ is confirmed by the
XPS survey spectra, as revealed in Figure S1a. The energy-
dispersive X-ray (EDX) spectra (Figure S1b) and elemental
mapping (Figure S1c) further confirmed the existence of the
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above elements with stoichiometric homogeneity. Meanwhile,
the SEM images of MAG: Mn4+, shown in Figure S1c, exhibited
an irregular granular morphology, and the sizes are in the micron
range. The XPS and EDX results of the MGG: Mn4+ sample are
also presented in the Supporting Information (Figure S2).
3.2. Effect of Ba2+ Doping on the Crystal Structure of

Mg3M2GeO8 (M = Al, Ga). The recorded XRD patterns of
MAG: 0.005Mn4+ and MGG: 0.005Mn4+ samples including
their structural parameters cannot be differentiated from the
respective patterns and parameters of MAG and MGG samples.
Because of this reason, the Rietveld refinement analysis of MAG:
0.005Mn4+ and MGG: 0.005Mn4+ samples are not included.
However, to realize the effect of cationic substitution by larger-
sized Ba2+ ions (rBaOd6

= 1.35 Å) on the crystal structure of
Mg3M2GeO8 (M = Al, Ga), the Rietveld refinement analysis of
MAG: Mn4+, 0.03Ba2+ and MGG: Mn4+, 0.1Ba2+ samples were
carried out, and the resultant plots are given in Figure 3a,b,
respectively. The XRD pattern of MAG: Mn4+, 0.03Ba2+ was
Rietveld-refined using four reference phases, viz. o-MGG, o-
MGO, c-MAO, and tetragonal-Ba2MgGe2O7 (t-BMG, space
group P-421m), whereas the refinement of MGG: Mn4+, 0.1Ba2+

was carried out with three phases, viz. o-MGG, o-MGO, and t-
BMG. The calculated refinement parameters are tabulated in
Tables S1 and S3 of the Supporting Information. Due to the
doping of 0.03Ba2+ in the MAG: Mn4+ sample, the cell volume
was observed to be increased from 534.06 to 540.17 Å3 (Table
S1). The values of the estimated metal−oxygen bond lengths are
also listed in Table S4 of the Supporting Information.

Eventually, the increment in the metal−oxygen bond lengths
(Table S4) in the various octahedral coordinations supports the
above cell volume extension after Ba2+ ions’ incorporation in the
MAG: Mn4+ sample. Such a probable expansion due to the Ba2+

ions’ substitution in the various [(Mg/Al)O6] octahedral sites
has been elaborated schematically in Figure 3c. Among the
different octahedral coordinations, the volume enhancement of
[(Mg1/Al1)O6] sites is comparatively higher after Ba2+ ions’
doping (Table S4). This might be due to the increased suitability
of the (Mg1/Al1) sites for the larger-sized Ba2+ ions’
occupation.23

Meanwhile, the changes in [(Mg/Al)−O] bond lengths also
indicate that the incorporation of larger Ba2+ ions caused
structural distortion in the symmetry of [(Mg/Al)O6]
octahedrons. A slight variation in the bond lengths of adjacent
[(Al/Ge)O4] tetrahedrons has also been observed (Figure 3d).
In the case of the MGG: Mn4+, 0.1Ba2+ sample, the Ba2+ ions’
substitution in the [(Mg/Ga)O6] octahedral sites caused an
increase in the cell volume from 569.13 to 580.46 Å3 and similar
types of changes in the metal−oxygen bond lengths, as depicted
schematically in Figure 3d. The detailed structural parameters
evaluated for the MGG: Mn4+, 0.1Ba2+ sample are provided in
the Supporting Information in Tables S1, S3, and S4.

The XRD plots of a series of MAG: Mn4+, xBa2+ (x = 0.0−0.3)
samples are presented in Figure 4a. As can be seen from Figure
4a, the XRD patterns of MAG: Mn4+, xBa2+ are not much altered
below a certain amount of Ba2+ concentration (x < 0.1). With the
further increase in Ba2+ ions’ concentration to x = 0.1 and above,
the XRD peaks of Mg impurity-phase o-MGO (at 2θ = 22.6 and
35.1°) and o-MGG (at 2θ = 36°) are observed to decrease
gradually. Eventually, a new peak at 2θ = 28.7°, attributed to t-
BMG,24,25 is generated with the Ba2+ doping, which becomes
prominent when the Ba2+ ions’ concentration reached x = 0.10.
According to Ozturk, the major structure could tolerate the size
mismatch between Ba2+ and Mg2+ up to a certain limit of Ba2+

substitution into the Mg2+ sites.26 Hence, at higher Ba2+ ionic
concentrations (x > 0.1), the substitution of Ba2+ ions in Mg2+

sites becomes ineffective owing to the large dissimilarity in the
ionic radii of Mg2+ (rMgOd6

= 0.72 Å) and Ba2+ (rBaOd6
= 1.35 Å) in

their octahedral coordination.27 Because of this reason, a new Ba
compound phase (t-BMG) was generated.24,25

The t-BMG phase consists of [MgO4] tetrahedrons, [Ge2O7]
double tetrahedrons, and [BaO8] dodecahedrons.25 The higher
concentration of Ba2+ ions could form more [BaO8]
dodecahedrons and utilized Mg2+ and Ge4+ ions from the
respective octahedral and tetrahedral sites belonging to MGG
and MGO phases for the formation of the t-BMG phase.
Because of this reason perhaps, the MGG and MGO phases are
suppressed significantly at higher Ba2+ concentrations. The
newly generated t-BMG might also cause severe structural
distortion in the host. To confirm the above prediction, the
identified impurity phases such as o-MGO and t-BMG samples
have been chosen and synthesized further via the solid-state
method, and their XRD patterns are illustrated in Figure 4b
along with the XRD of MAG: Mn4+, xBa2+ (x = 0.1 and 0.27)
samples. From Figure 4b, the existence of both o-MGO and t-
BMG phases in MAG: Mn4+, 0.1Ba2+ samples can be easily
identified by the corresponding JCPDS data included in the
figure. Moreover, a higher amount of Ba2+ ions’ doping (MAG:
Mn4+, 0.27Ba2+) led to intensified XRD peaks of the t-BMG
phase, while the main XRD peaks of MGO and MGG phases
decreased significantly. The XRD analysis was also carried out

Figure 2. HRTEM images of the (a) MAG sample with a magnified
version of three different regions denoted as (i), (ii), and (iii), and (b)
MGG sample with a magnified version of two different regions denoted
as (i) and (ii).
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for a series of MGG: Mn4+, xBa2+ (x = 0.0−0.15), which are
given in Figure S3 of the Supporting Information. Here also, the
same impurity-phase t-BMG is identified to be prominent at the
higher doping concentration of Ba2+ ions (Figure S3).

The change in the microstructure of MAG: Mn4+ due to the
Ba2+ ions’ incorporation could also be realized from the Raman
analyses of MAG: Mn4+ and MAG: Mn4+, xBa2+ (x = 0.03, 0.27)
samples. In the obtained Raman spectra of the above samples, as
illustrated in Figure 5a, the main band that appeared at ∼645
cm−1 can be attributed to the stretching vibration of [Al−O]
bonds corresponding to [AlO6] octahedrons.28 Meanwhile, the
band at around 358 cm−1 could be attributed to the stretching
vibrations of [MgO6] octahedrons.29 The stretching vibrations
corresponding to the above octahedrons become stronger in
Ba2+ codoped MAG: Mn4+, xBa2+ (x = 0.03, 0.27) samples. This
might be because of the reduced symmetry of structurally
distorted [(Mg/Al)O6] octahedrons and increased [(Mg/Al)−
O] bond lengths due to Ba2+ codoping as discussed in the XRD
analysis of MAG: Mn4+ and MAG: Mn4+, 0.03Ba2+ samples
previously.20 The average [(Mg/Al)−O] bond lengths are
calculated to be 2.039 and 2.047 Å for MAG: Mn4+ and MAG:
Mn4+, 0.03Ba2+ samples, respectively (Table S4). Wang et al.20

also reported a similar kind of larger ionic substitution in
Ca2MgWO6, which resulted in increased [W−O] bond lengths
of [WO6] octahedrons. The stretching vibration corresponds to
the [WO6] octahedrons reportedly becoming stronger due to
the above substitution, as visible in the present case also. The
other peaks in Figure 5a located around 450,30 793,31 and 813
cm−132 can be assigned to the stretching vibration of [GeO4]

tetrahedrons and the peak at ∼830 cm−1 33 can be attributed to
the stretching vibration of [AlO4] tetrahedrons.

Figure 5b presents the XPS survey spectrum of MAG: Mn4+,
0.27Ba2+, which confirmed the peaks of Ba, Mg, Al, Ge, O, and
Mn exactly where they were predicted to be. The Mg 2p core
spectrum of MAG: Mn4+ is deconvoluted into two peaks at
49.86 and 51.37 eV (Figure 5b(i)). The higher binding energy
peak (51.37 eV) corresponding to Mg2+ ions disappeared in
MAG: Mn4+, 0.27Ba2+ (Figure 5b(ii)), indicating that Ba2+

might have created some structural distortion in the Mg2+ sites.
The core-level spectra of O 1s for the samples MAG: Mn4+ and
MAG: Mn4+, 0.27Ba2+ are deconvoluted into O1 (lattice oxygen)
and O2 (surface oxygen), which are positioned at 531 and 532.8
eV (Figure 5b(iii),(iv)). The content of surface oxygen (O2) in
MAG: Mn4+, 0.27Ba2+ is reduced compared to that in MAG:
Mn4+. Moreover, the lattice oxygen content (O1) is found to be
higher in the MAG: Mn4+, 0.27Ba2+ sample compared to that in
the MAG: Mn4+ sample.

The formation t-BMG phase at a higher concentration (x >
0.1 mol) of Ba2+ ions might be responsible for the conversion of
more nonlattice oxygen to lattice oxygen for the formation of
Ba−O bonds. The enhanced lattice oxygen (O1) content for the
MAG: Mn4+, 0.27Ba2+ sample might help to create additional
octahedral sites for occupying Mn4+ ions. Moreover, due to the
higher lattice oxygen content, the structural stability should be
increased.8 The enhanced structural stability and octahedral
sites due to the Ba2+ ions’ substitution could be effective in
intensifying Mn4+ ions’ emission.16 The XPS spectra of MGG:
Mn4+, xBa2+ (x = 0.0, 0.13) are shown in Figure S4. In this case

Figure 3. Refinement patterns of (a) MAG: Mn4+, 0.03Ba2+ and (b) MGG: Mn4+, 0.10 Ba2+. Schematic representation of variation in the octahedrons
of (c) MAG and (d) MGG after Ba2+ incorporation.
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also, reduction of the Mg2+ content is observed because of Ba2+

inclusion (Figure S4i,ii). Meanwhile, the substitution of Ba2+

ions in the Mg2+ sites led to a substantial reduction in the surface
oxygen peak (O2), with the coinciding increase in the lattice
oxygen peak (O1) being observed (Figure S4iii,iv).
3.3. UV−Vis Absorption, Photoluminescence, and

Cathodoluminescence Properties of (Mg, Ba)3M2GeO8:
Mn4+ (M = Al, Ga). The UV−DRS spectra of undoped MAG,
MAG: Mn4+, and MAG: Mn4+, 0.27Ba2+ samples are shown in
Figure 6a. The MAG host showed optical absorption at ∼250
nm owing to the host absorption ((i) of Figure 6a).34 In the
MAG: Mn4+ and MAG: Mn4+, 0.27Ba2+ samples, the absorption
peak at 250 nm becomes more prominent owing to the
overlapping of the O2−-Mn4+ charge transfer band (CTB) and
the host absorption. In addition, two more absorption deeps are
observed at ∼300 and 421 nm because of the 4A2g → 4T1g and
4A2g → 4T2g transitions of Mn4+ ions ((ii) and (iii) of Figure 6a).
Eventually, the mentioned Mn4+ absorption peaks are intensified
owing to the Ba2+ codoping in the MAG: Mn4+ sample (Figure
6a). The band-gap values obtained for MAG, MAG: Mn4+, and
MAG: Mn4+, 0.27Ba2+ samples are calculated using Tauc plots35

(Figure 6b), and the resultant values are 5.97, 5.91, and 5.67 eV,
respectively. Because of the lower electronegativity of Mn4+ ions
than Al3+ ions, the required energy for the band-to-band
transitions is reduced after Mn4+ doping. The band-gap energy

further decreasing in MAG: Mn4+, 0.27Ba2+ might be due to the
lower electronegativity of Ba2+ ions than Mg2+ ions.36

The UV−vis DRS spectra of MGG and MGG: Mn4+, xBa2+ (x
= 0.0, 0.13) samples are also analyzed as supporting evidence
(Figure S5 of the Supporting Information). Broad absorption
bands are observed in the UV and blue regions for the MGG:
Mn4+ and MGG: Mn4+, 0.13Ba2+ samples. The absorption is
higher in the case of the MGG: Mn4+, 0.13Ba2+ sample for all
transitions. The obtained band-gap values for MGG, MGG:
Mn4+, and MGG: Mn4+, 0.13Ba2+ samples (5.0, 4.96, and 4.89
eV, respectively) followed a similar trade with undoped and
doped MAG compositions. It is worth mentioning that Mn4+

ions have strong ligand field stabilization energy in the
octahedral sites.19,37 In the MAG host, both Mg2+ and Al3+

ions provide octahedral sites for Mn4+ ions due to matching
ionic radii. Also, some of the Mn4+ ions can occupy [MgO6] and
[AlO6] octahedrons provided by the o-MGO and c-MAO
phases,38 respectively, which could elevate the Mn4+ emission.

The photoluminescence excitation (PLE, λem: 659 nm) and
emission (λex: 284 nm) spectra of MAG: Mn4+, xBa2+ (x = 0.0−
0.37) samples are shown in Figure 6c. The PLE spectrum of all
of these samples exhibits broad excitation bands having peaks at
284 and 419 nm. The excitation band ranging from 230 to 380
nm, which is identical to the UV chips, can be ascribed to Mn4+-
O2− CTB and 4A2g→4T1g, 2T2g transitions of Mn4+ (as assigned
in Figure 6c). The excitation band in the blue region (380−480

Figure 4. (a) XRD patterns of MAG: Mn4+, xBa2+ (x = 0.0−0.3) samples. (b) XRD patterns of synthesized MGO: Mn4+, BMG: Mn4+, MAG: Mn4+,
0.1Ba2+, and MAG: Mn4+, 0.27Ba2+ with corresponding JCPDS.
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nm) is well-fitted with the commercial blue chip, which can be
attributed to the spin-allowed 4A2g → 4T2g transition of Mn4+

ions.16 A slight red shift appeared in the spectra due to the
addition of Ba2+ in MAG: Mn4+ since Ba2+ incorporation
increases the bond length between the Mn4+ and the ligands,
thereby decreasing the energy of the Mn4+-O2− CTB.39 Further,
PL spectra for each sample resulted in a sharp emission peak at
659 nm due to the 2Eg → 4A2g transition and the other weak
emissions arise due to vibrational sidebands.40 The emission
intensity of the phosphors gets increased due to partial Ba2+ ions’
substitutions and maximized at xBa2+ = 0.27 mol, which is 3-fold
greater than that of the MAG: Mn4+ sample. The external
quantum efficiency (EQE) value obtained for the MAG: Mn4+

sample is 29.44%; however, it is calculated to be 49.35% for the
MAG: Mn4+, 0.27Ba2+ sample. Further increase in Ba2+ ions’
concentration quenched the PL intensity. The variations in the
emission intensity as a function of Ba2+ ions’ concentrations can
be understood via the PL images of these samples (Figure 6d),
which are arranged in the increasing order of Ba2+ content.

The possible reasons for the red emission enhancement due to
the Ba2+ ions’ incorporation can be explained using three
different aspects as follows: (i) structural distortion occurred in
the MAG: Mn4+ sample due to larger-sized Ba2+ ionic
substitution and contribution of luminescent centers provided
by the newly generated barium phase, (ii) increase in the particle

sizes of the MAG: Mn4+ sample due to the inclusion of Ba2+ ions,
and (iii) replacement of Mn4+−Mn4+ pairs by the Ba2+−Mn4+

pairs in Ba2+ codoped samples.

(i) The most probable reason for the enhanced red emission
intensity could be the structural distortion that occurred
due to the Ba2+ ions’ substitution in the MAG: Mn4+

sample. At lower Ba2+-doping concentrations (<0.1Ba2+),
smaller Mg2+ ions might be substituted by larger Ba2+ ions,
which resulted in a distorted lattice, as explained during
interpreting the XRD results. Such lattice distortion,
created due to the substitution of larger Ba2+ ions, possibly
further reduced the site symmetry of [(Mg/Al)O6]
octahedrons, which are preferably accommodating Mn4+

ions and thereby enhanced the red emission.14−16,41−43

Since the 3d−3d forbidden transition probability of Mn4+

ions with the 3d3 configurations is largely determined by
the local symmetry of [MnO6] octahedrons, the decrease
of octahedral symmetry usually leads to the relaxation of
the selection rule of Mn4+ ions occupied at these
octahedral sites. Similar results are reported by Wang et
al.20 Here, the luminous intensity of Ca2MgWO6: Mn4+ is
reported to be increased by the larger cation pair (Na+−
La3+) substitution in Ca2+ sites. This substitution makes
severe lattice distortion in the [WO6] sites (preferential
for Mn4+ occupation) by changing the [W−O] bond

Figure 5. (a) Raman spectra of MAG: Mn4+ and MAG: Mn4+, xBa2+ (x = 0.03, 0.27) samples. (b) XPS survey spectrum of the sample MAG: Mn4+,
0.27Ba2+. Inset figures show the XPS core-level spectra of Mg 2p and O 1s for the samples MAG: Mn4+ and MAG: Mn4+, 0.27Ba2+.
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length, which led to a higher emission. Recently, Wang
and co-workers also introduced Ba2+ in the Mg2+ sites of
Mg2Y2Al2Si2O12: Ce3+ for increasing its emission
intensity.44 Fang et al. reported enhanced Mn4+ emission
by introducing larger K+ ions in the Ba2+ sites of BaTiF6:
Mn4+, which led to the increase of [Ba/K-F] bond lengths
and distortion in the [TiF6] octahedral sites preferred for
Mn4+ ions’ occupation.45

Meanwhile, after a certain amount of Ba2+ ions’ doping
(>0.1Ba2+), a new phase tetragonal-Ba2MgGe2O7 (t-
BMG) was observed in the Ba2+ codoped MAG: Mn4+

samples. This newly generated phase might have supplied
the additional luminescent centers for Mn4+ ions, owing
to which the emission of MAG: Mn4+, Ba2+ could be
intensified further. Lu et al.24 have reported the emission
properties of Mn4+-doped t-BMG synthesized via the
solid-state route. Herein, Mn4+ ions are reported to be
substituted at the Ge4+ sites of t-BMG. The t-BMG crystal
structure consists of [MgO4] tetrahedrons, [Ge2O7]
double tetrahedrons, and [BaO8] dodecahedrons.24,25

Substituting Mn4+ ions in the Ge4+ sites of t-BMG
exhibited a red emission at 660 nm due to the Mn4+: 2Eg
→ 4A2g transitions.24 The optimized composition of
Ba2MgGe2O7: 0.013Mn4+, reported by Lu et al.,24 has
been resynthesized to confirm the reported red emission
from the Mn4+ ions located at the Ge-tetrahedral sites.
The PL emission spectrum of the Ba2MgGe2O7:
0.013Mn4+ sample is shown in the Supporting Informa-

tion in Figure S6. The PL emission spectrum of the UV-
irradiated Ba2MgGe2O7: 0.013Mn4+ sample shows
identical emission features as reported in ref 24.
Meanwhile, the peak position was noted at 660 nm,
which well matches with that of MAG: Mn4+, xBa2+ (x =
0.0−0.3) samples. Since the structure of MAG: Mn4+,
xBa2+ samples contains the t-BMG phase, it can be
predicted that the t-BMG phase could supply additional
luminescent centers for intensifying the Mn4+ ions’
emission. Peng et al. recently reported an enhancement
in the PL intensity of the Sr4Al14O25: Mn4+ sample due to
the additional luminescent centers contributed by the
supplementary phases such as SrAl2O4 and SrAl12O19.46

However, some advanced studies are still required to
establish this phenomenon.

(ii) The increase in phosphor particle size due to the Ba2+

ions’ incorporation could be another probable reason for
the observed PL enhancement in MAG: Mn4+, xBa2+

samples. To observe the effect of Ba2+ codoping on the
morphology, SEM analyses were carried out for MAG:
Mn4+ and MAG: Mn4+, 0.27Ba2+ samples (Figure S7,
Supporting Information). It is detected that because of
the inclusion of Ba2+ ions, the particle sizes are found to be
increased, as can be seen in the SEM results of MAG:
Mn4+ and MAG: Mn4+, 0.27Ba2+ samples (Figure S7).
Generally, the surface-associated defects decrease with
the increase in particle size, which may also be able to
reduce the nonradiative transitions and enhance the

Figure 6. (a) UV−DRS spectra of MAG and MAG: Mn4+, xBa2+ (x = 0.0 and 0.27). (i) Overlapping of the host absorption and the Mn4+-O2− CTB, (ii)
4A2g → 4T1g, and (iii) 4A2g → 4T2g transitions. (b) Tauc’s plots for band-gap calculation. (c) Photoluminescence excitation (PLE) (λem: 659 nm) and
PL emission spectra (λex: 284 nm) of MAG: Mn4+, xBa2+ (x = 0.0−0.37). (d) Corresponding PL images under UV excitation, and bar diagram showing
the variation of PL intensity with Ba2+ concentration under UV and blue excitation.
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emission subsequently.47 Similar interpretations have
been reported recently, where the K+ ions’ substitution
in the Ba2+ sites of Ba2TiF6:Mn4+45 and the Mg2+ doping
at the Sr2+ sites of Sr4Al14O25: Mn4+46 enhanced the
particle sizes as well as the PL intensity of the respective
phosphors. In the present case, the precursor material
BaCO3 melted earlier (melting point ∼811 °C) and might
act as a flux throughout the sintering process, thereby
increasing the crystallinity and particle sizes.17,46 To
reconfirm the effect of particle sizes of the MAG: Mn4+,
0.27Ba2+ sample on its emission intensity, this sample was
also synthesized at various sintering temperatures (700,
900, 1100, and 1300 °C). The corresponding SEM images
and PL emission spectra are given in Figures S8 and S9,
respectively, of the Supporting Information. The PL
intensity, as well as the particle sizes of the samples, was
found to have increased with increasing annealing
temperature.47 The increase in PL emission intensity
with the increase of particle size could be ascribed to the
already explained reduction in nonradiative transition for
the larger-sized particle.47

(iii) To verify the role of Mn4+−Ba2+ pairs in enhancing the PL
emission intensity in Ba2+ codoped samples, PL emission
decay lifetime measurements were also performed by
monitoring the emission at 659 nm upon the UV
excitation of 284 nm. The resultant PL decay curves for
the samples MAG: Mn4+ and MAG: Mn4+, 0.27Ba2+ are
shown in Figure S10a of the Supporting Information. All
of the curves were well-fitted with a second-order
exponential function, and the average lifetime values
were calculated by following the procedures reported
elsewhere.11,46,48 Most importantly, the double exponen-

tial fitting indicates the presence of multiple luminescence
centers in these hosts. The average lifetime values for
MAG: Mn4+ and MAG: Mn4+, 0.27Ba2+ are calculated to
be 2.14 and 2.27 ms, respectively. The slightly higher
emission lifetime value for MAG: Mn4+, 0.27Ba2+ is
related to its brighter emission compared to that of the
MAG: Mn4+ sample.46 This elongation of emission
lifetime because of the Ba2+ ions’ doping in the MAG:
Mn4+ sample might also indicate a possible reduction in
the content of Mn4+−Mn4+ pairs due to the formation of
Mn4+−Ba2+ pairs. Such newly formed Mn4+−Ba2+ pairs
might reduce the nonradiative energy migration proba-
bilities between two neighboring Mn4+ ions by reducing
the nonradiative depopulation in the 2Eg level of Mn4+ and
thereby enhancing the PL emission intensity.46,49

The photoluminescence of a series of MGG: Mn4+, xBa2+ (x =
0.0−0.15) samples is also recorded to confirm the effectiveness
of larger ionic substitution to enhance the Mn4+ ions’ emission,
as shown in Figure S5c of the Supporting Information. Also, in
this case, a similar kind of luminescence behavior is observed
with the Ba2+ ions’ incorporation as seen in MAG: Mn4+, xBa2+

due to their isomorphic structure. The PL intensity is maximum
when the Ba2+ concentration is 0.13 mol, which is 5-fold greater
than the emission intensity of MGG: Mn4+. The PL images
captured as a function of various Ba2+ ions’ concentrations are
shown in the inset of Figure S5c. The XRD of MGG: Mn4+,
xBa2+ (x = 0.0−0.15) samples, shown in Figure S3 of the
Supporting Information, indicated an impurity phase of t-BMG
due to Ba2+ ions’ substitution, which possibly helped to enhance
the Mn4+ ions’ emission in MGG: Mn4+, xBa2+ as in the case of
MAG: Mn4+, xBa2+. The average lifetime values obtained (from
Figure S10b) for MGG: Mn4+ and MGG: Mn4+, 0.13Ba2+

Figure 7. (a) Comparison of PL emission spectra (λex = 284 nm) of (i) MGG: Mn4+, (ii) MGG: Mn4+, 0.13Ba2+, (iii) MAG: Mn4+, and (iv) MAG:
Mn4+, 0.27Ba2+ samples with the (b) corresponding PL images, PL intensity (line with symbol), and color purity (bar). (c) CIE diagram and the color
coordinates of the above four samples. XPS spectra of (d) Ga 2P and (e) O 1s for MGG: Mn4+. XPS spectra of (f) Al 2p and (g) O 1s for MAG: Mn4+.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c20066
ACS Appl. Mater. Interfaces 2023, 15, 7083−7101

7091

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20066/suppl_file/am2c20066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20066/suppl_file/am2c20066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20066/suppl_file/am2c20066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20066/suppl_file/am2c20066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20066/suppl_file/am2c20066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c20066/suppl_file/am2c20066_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20066?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20066?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20066?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c20066?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c20066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


samples are 0.48 and 0.70 ms, respectively. However, these
values are much smaller than the lifetime values of the MAG:
Mn4+, 0.27Ba2+ sample.46,49,50

3.3.1. Comparative PL Analysis. From the comparative
photoluminescence emission spectra of MAG: Mn4+, xBa2+ (x =
0.0, 0.27) and MGG: Mn4+, xBa2+ (x = 0.0, 0.13) samples, shown
in Figure 7a, it has been observed that replacing Ga3+ by Al3+

enhanced the PL intensity by 13-fold. The PL intensity of MAG:
Mn4+ was further enhanced 3 times by the Ba2+ ions’ substitution
(Figure 7b), which effectively created a more appropriate crystal
environment for Mn4+ occupancy in the MAG host. The
preferential sites for Mn4+ occupancy in MGG are [MgO6]
(rMgOd6

= 0.72 Å) and [GaO6] (rGaOd6
= 0.62 Å), whereas that for

MAG are [MgO6] and [AlO6] (rAlOd6
= 0.535 Å). However, the

ionic size of Al3+ in MAG is more closer to that of Mn4+ (rMnOd6
=

0.53 Å) than that of Ga3+ in MGG, which indicates that [AlO6]
octahedrons could be more favorable than [GaO6] for Mn4+

ions’ occupancy. To know the site suitability, a parameter known
as the effective compensating factor (φ = z/r) can be employed
in octahedral surroundings, where z and r are the charge and
radius of an ion located in that octahedron. The z/r ratios of
Mg2+, Ga3+, Al3+, and Mn4+ in octahedral sites are 2.77, 4.84,
5.607, and 7.547, respectively.51 From these values, it is clear

that the z/r ratio of Al3+ is closer to Mn4+ in comparison with
other sites. Hence, MAG is expected to provide more suitable
[AlO6] sites for Mn4+ ions, leading to the greater intensity of
MAG: Mn4+. Some Mn4+ ions could replace divalent Mg2+ ions
at [MgO6] octahedrons because of which Mn4+ valance could
reduce to Mn2+ valance to account for the charge compensation.

However, the more preferential [AlO6] sites in MAG
efficiently reduce the probability of Mn4+ ions’ occupancy in
[MgO6] sites. Hence, the natural reduction probability of Mn4+

to Mn2+ for charge compensation is lesser in the MAG host
compared to the MGG host. This prediction is also supported by
the cathodoluminescence studies (discussed later in this paper)
for the first time for any Mn4+-activated sample.

In addition to the ionic similarities, the detailed XRD and
HRTEM analyses of the MAG sample confirmed the presence of
the coexisting phases such as o-MGO and c-MAO. The intense
red emission identified in MAG: Mn4+ might be due to the
additional luminescence centers of Mn4+ ions provided by the
above coexisting phases. Xue et al. synthesized the Mg2GeO4:
0.001Mn4+ sample through the high-temperature solid-state
method and observed the deep-red emission peaking at 659 nm
due to the Mn4+ ions’ occupancy in the [MgO6] sites.38 The
emission spectrum of the UV-irradiated Mg2GeO4: Mn4+

sample, which was synthesized via adopting the method as

Figure 8. (a) Deconvoluted PL excitation spectra of (i) MGG: Mn4+, (ii) MGG: Mn4+, 0.13Ba2+, (iii) MAG: Mn4+, and (iv) MAG: Mn4+, 0.27Ba2+. (b)
Plots of normalized emission intensity vs temperature and Arrhenius plots for the samples MGG: Mn4+, 0.13Ba2+ and MAG: Mn4+, 0.27Ba2+. (c)
Tanabe−Sugano energy illustration of Mn4+ ions in an octahedron and representation of Dq/B values of MGG: Mn4+, xBa2+ (x = 0.0, 0.13) and MAG:
Mn4+, xBa2+ (x = 0.0, 0.27). (d) Configuration coordinate diagram for activation energy calculation. (e) Bar diagram showing variation of CIE
coordinates with temperature along with variation of peak intensities (positioning at 659 and 630 nm) with temperature for the sample MAG: Mn4+,
0.27Ba2+.
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reported by Xue et al., is shown in Figure S6 of the Supporting
Information.

Another coexisting phase observed in the MAG host is c-
MAO, which also contains octahedral coordination for
accommodating Mn4+ ions. Wang et al. described the
luminescence performance of the MgAl2O4: Mn4+ sample
prepared via the molten salt method.52 According to this report,
Mn4+ ions occupy the [AlO6] octahedrons and produce a deep-
red emission at 651 nm. Analogous emission properties of
MgAl2O4: Mn4+ prepared through the coprecipitation method
are also reported by Ji et al.40 Nonetheless, no report so far has
illustrated the photoluminescence of the MgAl2O4: Mn4+ sample
prepared via the high-temperature solid-state route. Therefore,
we have synthesized MgAl2O4: Mn4+ through the solid-state
method at a sintering temperature of 1300 °C. However, the
solid-state synthesized sample did not show any Mn4+ ions’
emission. In the present case, the MgAl2O4 phase probably acted
as a flux and helped in enhancing the red emission intensity by
improving the crystallinity. Recently, various studies have been
published by studying the advantages of coexisting phases on the
red emission enhancement of Mn4+-activated oxide phosphors.
For example, Wu et al. improved the emission intensity of
CaAl12O19: Mn4+ by introducing the coexisting MgAl2O4 phase
as a flux.17 Similarly, Gu et al. also reported the advantages of the
coexisting nonluminescent MgAl2O4 phase on the increased red
emission intensity of SrMgAl10−yGayO17: Mn4+.53 Meanwhile,
the coexisting phases SrAl2O4 and SrAl12O19 are reported to be
helpful for improvising the emission intensity of Sr4Al14O25:
Mn4+.46

The average [Al−O] bond length (2.06 Å) in the octahedral
sites of MAG: Mn4+ is found to be less than the average [Ga−O]
bond length in the octahedral sites of MGG: Mn4+ (2.08 Å).
These structural changes may also be the root cause for the
higher red emission of MAG: Mn4+ compared to MGG: Mn4+.15

The digital PL images, the plots of emission intensity, and the
color purity for MGG: Mn4+, xBa2+ (x = 0.0, 0.13) and MAG:
Mn4+, xBa2+ (x = 0.0, 0.27) samples are revealed in Figure 7b. All
four samples exhibit excellent red-color purity of ∼100% under
the response of both UV and blue irradiations. The CIE
coordinates for these samples are in the deep-red zone (shown in
Figure 7c). The CIE coordinates obtained for the brighter red-
emitting MAG: Mn4+, 0.27Ba2+ sample are situated in the deeper
red region (0.716, 0.283).

An effort has been made to support the above justifications for
enhanced red emission in the MAG: Mn4+ sample compared to
the MGG: Mn4+ sample with the help of XPS analysis. The core-
level XPS spectra (Figure 7d,f) measured for Ga and Al strongly
suggest their 3+ oxidation states in MGG: Mn4+ and MAG:
Mn4+, respectively. While comparing the O 1s spectra recorded
for MGG: Mn4+ and MAG: Mn4+ samples (Figure 7e,g), the
lattice oxygen (O1) content is higher in the case of MAG: Mn4+.
The higher lattice oxygen content in MAG: Mn4+ may help to
form more octahedral bonds in MAG: Mn4+ compared to MGG:
Mn4+. Also, the structural stability will be higher in MAG: Mn4+

due to the higher lattice oxygen content.8 These factors can lead
to the higher emission intensity of MAG: Mn4+.

3.3.2. Estimation of the Mn4+ Energy-Level Diagram and
Evaluation of Spectroscopic Parameters. The PLE spectra of
MGG: Mn4+, xBa2+ (x = 0.0, 0.13) and MAG: Mn4+, xBa2+ (x =
0.0, 0.27) samples can be deconvoluted into four Gaussian peaks
(Figure 8a).54,55 The peaks located around 280, 320, 360, and
420 nm resemble the Mn4+-O2− CTB, 4A2g → 4T1g, 4A2g → 2T2g,
and 4A2g → 4T2g transitions of Mn4+ ions, respectively. The
Tanabe−Sugano energy-level illustration of Mn4+ ions in an
octahedron is displayed in Figure 8c. The strong and weak
crystal fields are differentiated by a line passing through the
intersection of 4T2g and 2Eg. The ratio of the octahedral field
strength (Dq) and the Racah parameter (B) for MGG: Mn4+,
xBa2+ (x = 0.0, 0.13) and MAG: Mn4+, xBa2+ (x = 0.0, 0.27)
samples is greater than 2.1, indicating that Mn4+ experiences a
strong crystal field in all of these hosts. To compare the effect of
the host structure, crystal field splitting energy value (10Dq) and
Racah parameter values B and C for the samples MGG: Mn4+,
xBa2+ (x = 0.0, 0.13) and MAG: Mn4+, xBa2+ (x = 0.0, 0.27) are
also calculated and listed in Table 1. It is obvious from Figure 8a
that the Mn4+-O2− CTB of MAG: Mn4+ is slightly blue-shifted
compared to the MGG: Mn4+ since Mn4+ ions in the smaller Al3+

sites require a larger charge transfer (CT) energy than for the
Mn4+ in the Ga3+ sites.39 The slight reduction in the Dq/B values
of MAG: Mn4+ compared to MGG: Mn4+ can be attributed to
the lower average Al−O bond length of MAG: Mn4+.49

High-temperature PL analysis was carried out for the two
compositions MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+.
The temperature was varied from 300 to 453 K, and the PL
emission spectra were recorded under UV excitation. Even at
453 K, the MAG: Mn4+, 0.27Ba2+ sample could retain 70% of its
initial room-temperature intensity. However, the MGG: Mn4+,
0.13Ba2+ sample could retain less than 60% of its room-
temperature intensity (Figure 8b). The quenching temperature
increases when Ga3+ is replaced with Al3+ in the MAG: Mn4+,
0.27Ba2+ sample. The ionic size of the Mn4+ ion in the octahedral
coordination is 0.53 Å, which is closer to that of Al3+ (rAlOd6

=
0.535 Å) in MAG: Mn4+ samples rather than that of Ga3+ (rGaOd6

= 0.62 Å) in MGG: Mn4+ samples. Using the Arrhenius plot,15

the activation energies were calculated for both samples, which
were calculated to be 156 meV for MAG: Mn4+, 0.27Ba2+ and
149 meV for MGG: Mn4+, 0.13Ba2+.

The higher activation energy in the MAG: Mn4+, 0.27Ba2+

sample than that in MGG: Mn4+, 0.13Ba2+ can be explained by
the configuration coordinate diagram, as presented in Figure 8d.
With UV excitation, free electrons jump first from the 4A2g
ground state to the excited states (2Eg, 4T1g, or 4T2g) and then
nonradiatively relax to the 2Eg states. The radiative emission
toward the 4A2g state from the 2Eg state results in a deep-red
emission. While increasing the temperature, the number of
electrons in the 2Eg state increases and gains more energy. The
thermally excited electrons could reach the intersection point of
4A2g and 2Eg (crossover point) and relax to the ground state

Table 1. Spectroscopic Parameter Values Obtained from PL Emission and Excitation Spectra

phosphor 4T1 (cm−1) 4T2 (cm−1) 2Eg (cm−1) Dq Dq/B B C

MGG: Mn4+ 30,960 24,038 15,175 2404 3.75 642 3414
MGG: Mn4+, 0.13Ba2+ 31,153 24,038 15,175 2404 3.63 662 3367
MAG: Mn4+ 31,153 23,923 15,175 2392 3.54 676 3338
MAG: Mn4+, 0.27Ba2+ 31,055 23,923 15,175 2392 3.60 664 3362
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(4A2g) nonradiatively. The position of crossover points may be
different for these two samples, and MAG: Mn4+, 0.27Ba2+ might
require more energy for reaching this point, leading to its higher
activation energy. Hence, the different activation energy is due
to the fact that Mn4+ in the above two samples experiences
different quenching barriers considering the structural difference
as well as the 4T1g and 2T2g energies and the Mn4+-O2− CTB
energy.56 The variation of peak intensities (positioning at 659
and 630 nm) with temperature for MAG: Mn4+, 0.27Ba2+ is
shown in Figure 8e. The absorbed energy in this process is called
the activation energy.57,58 Meanwhile, the CIE coordinates are
not affected much due to the increase in temperature, indicating
a strong ligand field stabilization energy in the octahedral sites of
MAG: Mn4+, 0.27Ba2+ where Mn4+ ions are situated (Figure 8e).

3.3.3. Low-Temperature Photoluminescence of MAG:
Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+. Low-temperature
PL spectra for the two optimum samples MAG: Mn4+, 0.27Ba2+

and MGG: Mn4+, 0.13Ba2+ are investigated with the excitation of
a 266 nm laser source operated at 10 mW to compare the
activation energy of these phosphors. To elucidate the influence

of [AlO6] octahedrons in activation energy and photo-
luminescence, the PL spectra of these two samples were probed
by varying the temperature from 10 to 300 K (Figure 9a). The
activation energy was calculated from the low-temperature PL
spectra using the Arrhenius plot, as revealed in Figure 9b for
MAG: Mn4+, 0.27Ba2+.

Generally, electronic transitions between 2Eg and 4A2g states
of Mn4+ ions are forbidden because of the same parity. In these
phosphors, Mn4+ ions occupy the Al3+/Ga3+ octahedral sites
without inversion symmetry, which helps partially break the
selection rules for this transition. The PL spectra of the 2Eg →
4A2g transition show several emissions bands between 600 and
700 nm. The zero phonon line (ZPL) at 639 nm and sidebands
are prominently observable at 10 K. The Stokes bands are highly
intense, whereas the anti-Stokes bands are less intense. As the
temperature increased, the intensity of the Stokes bands at 659
nm (P1) and 647 nm (P2) and the ZPL decrease, whereas that
of the anti-Stokes band at 630 nm (P3) increased. This can be
attributed to the participation of more restricted phonon
vibrations at higher temperatures.15 On increasing the temper-

Figure 9. (a) Low-temperature PL spectra of MAG: Mn4+, 0.27Ba2+ and corresponding (b) Arrhenius plot (inset shows the variation of peak intensities
with temperature). (c) Low-temperature PL spectra of MGG: Mn4+, 0.13Ba2+ (inset shows the enlarged portion of the green emission) and
corresponding (d) Arrhenius plot (inset shows the variation of peak intensities with temperature).
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ature, the anti-Stokes bands are thermally depopulated from the
Stokes bands until thermal equilibrium is reached. This
substantiates the increase in intensity with the rise in
temperature. Also, Boltzmann’s law should be obeyed in the
intensity ratio of anti-Stokes and Stokes bands as phonon-
coupled sidebands are considered a couple of adjacent levels.15

The variation of peak intensities with temperature is shown in
the inset of Figure 9b. This can be attributed to the thermal
vibration developed in the host.59 The temperature-dependent
emission spectra show a typical trend of spectral broadening and
a red shift of the emission band. As the temperature increases,
the emission bands become broader and the peaks are shifted to
higher-wavelength regions because of photon reabsorption and
increased acoustic electron interaction following the Varshini
equation. The red shift of the emission bands with increasing
temperature is due to the expansion of the activator−ligand
distance leading to a lower crystal field splitting. Furthermore,
the ZPL intensity decreases with increasing temperature, which
can be ascribed to the loss of phonon energy via nonradiative
transition.16

The low-temperature PL spectra and intensity variations of
P1, P2, and P3 with temperature and Arrhenius plots of MGG:
Mn4+, 0.13Ba2+ are shown in Figure 9c,d, respectively. A similar
kind of temperature-dependent emission behavior is observed
for P1 (∼659 nm), P2 (∼650 nm), and P3 (∼631 nm) peaks in
the MGG: Mn4+, 0.13Ba2+ sample (inset of Figure 9d).

While comparing the low-temperature PL spectra for these
two optimum samples, the shape of the emission spectra
changed due to the replacement of Ga3+ with Al3+. This might be
due to the preferential occupancy of Mn4+ in [AlO6]
octahedrons (in MAG: Mn4+, 0.27Ba2+) rather than [GaO6]
octahedra (in MGG: Mn4+, 0.13Ba2+). The shape of the
emission spectra depends on the coordination environment of
Mn4+. The activation energy obtained for MAG: Mn4+, 0.27Ba2+

is 119.83 meV, which is greater than the calculated activation
energy of MGG: Mn4+, 0.13Ba2+ (102.85 meV). The Mn−O
bond in [AlO6] octahedrons is weaker than the same situated in
[GaO6] octahedrons due to the smaller size of Al3+ ions than
Ga3+ ions. These differences in their bond length cause
differences in the energies of 4T1g and Mn4+-O2− CTB. Hence,
these two samples experience different quenching barriers, and it
could be the reason for the higher activation energy of MAG:
Mn4+, 0.27Ba2+ compared to MGG: Mn4+, 0.13Ba2+.22,56,60 The
ZPL (P2) intensity mainly depends on the Mn4+ ions’
coordination environment. Therefore, the increased sharpness
and higher intensity of the ZPL in MAG: Mn4+, 0.27Ba2+

compared to MGG: Mn4+, 0.13Ba2+ might be due to the lower
symmetry of the [AlO6] octahedrons than the [GaO6]
octahedrons.61

An interesting fact to note is that a very weakly intense broad
green emission band that peaked at 505 nm is observed for the
MGG: Mn4+, 0.13Ba2+ sample at lower temperatures, which is
however not seen in the low-temperature PL of MAG: Mn4+,
0.27Ba2+. The magnified portion below 600 nm of the low-
temperature PL spectra of the MGG: Mn4+, 0.13Ba2+ sample is
shown in the insets of Figure 9c. To predict the origin of such a
broad peak, cathodoluminescence analyses of MAG: Mn4+,
0.27Ba2+ and MGG: Mn4+, 0.13Ba2+ samples are carried out
further.

3.3.4. Cathodoluminescence Properties of Optimum MAG:
Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+. Apart from the 2Eg
→ 4A2g transitions of Mn4+ ions, a weakly intense broad green
emission is observed at 505 nm in low-temperature PL spectra of
the MGG: Mn4+, 0.13Ba2+ sample (Figure 9c). However, no
such green emission is observed for the MAG: Mn4+, 0.27Ba2+

sample (Figure 9a). To investigate the origin of the green
emission, the cathodoluminescence (CL) spectra, as well as the
spectral maps, are collected for MAG: Mn4+, 0.27Ba2+ and

Figure 10. (a) Normalized CL spectra with respect to the green emission peak of the MAG: Mn4+, 0.27Ba2+ sample. (b, b′) SEM images, (b1, b′1)
panchromatic overall intensity mapping, and filtered maps for the (b2, b′2) green (from 450 to 570 nm) and (b3, b′3) red emissions (from 570 to 800
nm) recorded for different-sized particles in the MAG: Mn4+, 0.27Ba2+ sample. (c) Normalized CL spectra with respect to the green emission peak of
the MGG: Mn4+, 0.13Ba2+ sample. (d, d′) SEM images, (d1, d′1) panchromatic overall intensity mapping, and filtered maps for the (d2, d′2) green
(from 450 to 570 nm) and (d3, d′3) red emission (from 570 to 800 nm) bands recorded for different-sized particles in the MGG: Mn4+, 0.13Ba2+

sample.
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MGG: Mn4+, 0.13Ba2+ samples. Unlike the UV photons’
excitation in PL, the excitation with high-energy electrons in
CL can produce almost all of the possible transitions to the
higher energy state. Hence, it could be more useful to identify
the various emission centers in any kind of luminescent
materials.62

The CL spectra are recorded at room temperature for MAG:
Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+ samples focusing on
individual grains having different sizes (Figure 10a,c).
Compared to the sharp PL emission spectra, the CL spectra of
these samples show a broader emission band centered at 650
nm, which might be attributed to the red emission originating
from the emission centers of both Mn4+ and Mn2+ ions since the
occupancy of Mn2+ ions in the [MgO6] octahedrons can also
produce a broad orange-red emission.63 Interestingly, broad
green emission bands centered at 518 and 504 nm are observed
for MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+,
respectively, which are attributed to the d−d transitions of
Mn2+ ions. Unlike the PL spectra, the green emission band in
both samples is observed to be prominent in their CL spectra.
Since the d−d transitions of Mn2+ ions are forbidden in view of
spin and parity, it requires high energy pumping or the help of
sensitizers (Ce3+, Eu2+) to be intensified.64−66 In the present
case, the high energy electronic irradiations during the CL
spectral measurements could effectively pump the d−d
transitions of Mn2+ ions owing to which broad Mn2+ emission
bands are detected. The CL spectra normalized with respect to
the intensity of the green emission bands observed in various-

sized grains in both of these samples are presented in Figure
10a,c. These could be helpful to observe the effect of particle
sizes on the emission features of manganese ions having 2+ and
4+ valance.

The relative intensity of the red emission of MAG: Mn4+,
0.27Ba2+ and MGG: Mn4+, 0.13Ba2+ samples varies with the
particle sizes, as can be seen in Figure 10a,c, respectively.
Meanwhile, the red emission is dominant in the case of the
MAG: Mn4+, 0.27Ba2+ sample irrespective of the particle size.
However, no consistent trend of CL emission variation with
particle size could be identified in both of these samples. A
similar kind of result showing the independency of particle size
on CL efficiency has been reported by Shea et al.67 Although the
variations appear to be uncorrelated with the particle size,
interestingly, in the present case, the red-to-green emission
proportion is seen to be dependent on the compositions of the
materials. The red-to-green CL peak ratio in MGG: Mn4+,
0.13Ba2+ particles is lower than that observed in MAG: Mn4+,
0.27Ba2+ particles.

The existence of sharp red (from Mn4+) and broad red (from
Mn2+) as well as broad green (from Mn2+) emission bands can
be identified from the spectrally filtered SEM micrographs of
different particles having different sizes in these two samples.
Figure 10b,b′,d,d′ represents the general SEM images of
different-sized particles to be studied in MAG: Mn4+, 0.27Ba2+

and MGG: Mn4+, 0.13Ba2+ samples, respectively. However,
Figure 10b1,b′1,d1,d′1 represents the overall panchromatic
intensity maps of the respective particles shown in Figure

Figure 11. Comparative (a) PLE and (b) PL spectra of the optimum MAG: Mn4+, 0.27Ba2+ sample with commercial BAM: Eu2+ (blue), YAG: Ce3+

(yellow), and Y2O3: Eu3+ (red) phosphors. (c) PLE spectra of MAG: Mn4+, 0.27Ba2+ and emission spectra of YAG: Ce3+ showing spectral overlap. (d)
PLE spectra of MAG: Mn4+, 0.27Ba2+ with the PL spectra of BAM: Eu2+ and CMA: Tb3+showing spectral overlap.
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10b,b′,d,d′. In the illustrated panchromatic intensity maps, the
CL signal is averaged over all visible wavelengths that fall within
the specific detection range. The red and green emission regions
can be easily visualized from the respective panchromatic maps
of both samples. The spectrally filtered maps of the small and big
particles in MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+

samples are also presented in Figure 10b2,b3,b′2,b′3 and Figure
10d2,d3,d′2,d′3, respectively. These filtered maps are further
helpful for the precise visualization and the spatial distribution of
the green emission (from 450 to 570 nm) and the red emission
(from 570 to 800 nm) intensities observed in the overall
panchromatic maps.

The origin of green emissions can be attributed to the
reduction of Mn4+ ions to Mn2+ ions and their occupancy in
tetrahedral sites.63 The reduction can be explained in two ways.
One is self-reduction resulting from site occupation, and the
other is caused by the electron beam during CL measurement.
Here, the generated Mn2+ ions (rMnOd4

: 0.66 Å) can occupy the
Al3+ (rAlOd4

: 0.39 Å) and Ga3+ (rGaOd4
: 0.47 Å) tetrahedral sites of

MAG: Mn4+, 0.27Ba2+ and MGG: Mn4+, 0.13Ba2+, respectively.
When a tetravalent ion is doped at the trivalent site, a divalent
ion can be generated to maintain charge neutrality. In this case, a
Mn4+ ion can substitute one Al3+ (or Ga3+) ion at the
octahedrons, and other Mn4+ ions might be reduced to Mn2+

and occupy Al3+ (or Ga3+) tetrahedrons to maintain charge
neutrality21 according to the following equation

[ ] + [ ] [ ] + [ ]+ + + + +Al /Ga Mn Mn Mn3 3 4 4
Al/Ga

2
Al/Ga

(1)

If some of the Mn4+ ions are substituted in the [MgO6] sites
instead of Al3+ (or Ga3+) octahedral sites, the self-reduction of
Mn4+ to Mn2+ may enhance. The number of Mn4+ ions going to
[MgO6] sites of MAG: Mn4+, 0.27Ba2+ is less due to the

availability of more suitable [AlO6] sites of the MAG host for
Mn4+ ions’ occupancy. Hence, the self-reduction of Mn4+ to
Mn2+ is expected to be lesser in MAG: Mn4+, 0.27Ba2+ compared
to MGG: Mn4+, 0.13Ba2+.68,69 Also, compared to [AlO4]
tetrahedrons, [GaO4] tetrahedrons are more suitable for Mn2+

to occupy. Therefore, the Mn2+ green emission is relatively lower
in MAG: Mn4+, 0.27Ba2+ compared to MGG: Mn4+, 0.13Ba2+.
Moreover, the full width at half-maximum (FWHM) of the
electrons’ irradiated red emission in MGG: Mn4+, 0.13Ba2+ is
much higher due to more contribution of Mn2+ ions in the red
emission. Further studies are required for the exact confirmation
of these observations.
3.4. Applications in WLEDs and Red LEDs. The PLE and

PL emission intensities of the optimum MAG: Mn4+, 0.27Ba2+

phosphor have been compared with commercial blue-emitting
BaMgAl10O17: Eu2+(BAM: Eu2), yellow-emitting Y3Al5O12:
Ce3+ (YAG: Ce3+), and red-emitting (Y2O3: Eu3+) phosphors,
as displayed in Figure 11a,b, respectively. The emission intensity
of the optimum red phosphor is higher than that of the
commercial blue and yellow phosphors. It exhibited almost the
same emission intensity but more width (FWHM ∼ 18 nm)
than the commercial red phosphor (FWHM ∼ 2 nm) (Figure
11b). Figure 11c represents the excitation spectrum of MAG:
Mn4+, 0.27Ba2+ and emission spectra of YAG: Ce3+. The trivial
overlapping of the emission spectra of YAG: Ce3+ and excitation
spectra of MAG: Mn4+, 0.27Ba2+ indicates that the probability of
photons’ reabsorption is negligible. Therefore, MAG: Mn4+,
0.27Ba2+ composition can be a suitable red component to
enhance the color rendering (CRI) and to reduce the correlated
color temperature (CCT) of YAG: Ce3+-based WLEDs.
Likewise, Figure 11d represents the excitation spectra of
MAG: Mn4+, 0.27Ba2+ with the emission spectra of blue-
emitting BAM: Eu2+ and green-emitting CeMgAl11O19: Tb3+

Figure 12. (a) EL spectra for the WLED fabricated by combining blue LED chip with YAG: Ce3+ and MAG: Mn4+, 0.27Ba2+. (b) EL spectra for the
WLED fabricated by combining red MAG: Mn4+, 0.27Ba2+ phosphor with commercial green and blue phosphors using a 280 nm UV-LED chip. (c) EL
spectra for the red LED fabricated using LED chips of different wavelengths with MAG: Mn4+, 0.27Ba2+ red phosphor.
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(CMA: Tb3+) phosphors. In this case, the overlapping region
between excitation spectra of the MAG: Mn4+, 0.27Ba2+

phosphor and emission spectra of the green phosphor (CMA:
Tb3+) is negligible. Also, the overlapping between the excitation
spectra and emission spectra of MAG: Mn4+, 0.27Ba2+ and
BAM: Eu2+ phosphors, respectively, is marginal. This result
supports the suitability of MAG: Mn4+, 0.27Ba2+ composition as
a red component for the tricolor phosphor-based WLEDs.

Therefore, WLEDs have been fabricated by two different
approaches. At first, MAG: Mn4+, 0.27Ba2+ phosphor has been
mixed with YAG: Ce3+ with a ratio of 6:4. This phosphor mixture
is then incorporated with poly(methyl methacrylate) by
grinding. Then, the mixture is stirred thoroughly with acryline
to make a thick paste. The resulting paste has been coated on a
blue InGaN chip of 410 nm wavelength to produce WLED. The
EL spectrum and the corresponding digital image of the
resultant WLED are shown in Figure 12a. This combination
produces warm white light with a CCT of 3730 K, CRI of 89,
and CIE coordinates of (0.38, 0.35). Using a 280 nm UV-LED
chip, another WLED has been fabricated by mixing optimum
MAG: Mn4+, 0.27Ba2+ red phosphor with commercial blue
(BAM: Eu2+) and green (CMA: Tb3+) phosphors with a mixing
ratio of 7:3:2. This combination produces natural white light
with a CCT of 5306 K, a CRI of 79, and a CIE coordinate of
(0.34, 0.34). The EL spectrum and the corresponding digital
image of the fabricated WLED are shown in Figure 12b. The
obtained values of CCT and CRI strongly suggest that MAG:
Mn4+, 0.27Ba2+ is a promising red component for blue and UV-
based phosphor-converted WLEDs used in indoor lighting.

Furthermore, three red LEDs are developed by combining the
red phosphor with 280 nm, 365 nm UV-LED, and 410 nm blue
LED chips. The corresponding EL spectra with the direct red
LED images are shown in Figure 12c. The emission peak
centered at 659 nm matches well with the absorption peaks of
chlorophyll A and chlorophyll B responsible for photosynthesis
and photoperiodic effects in plant leaves.18,70 The red LED
developed by combining red phosphors with blue LED has two
emission bands at 410 and 659 nm. Hence, this LED can cover
the absorption spectrum of phytochrome Pr since its absorption
spectrum exhibits major bands at 405 and 655 nm.71 Shi et al.
developed red LED for plant growth application by combining
Ca2LaSbO6: Mn4+ with a near-UV-LED chip, and it showed an
emission peak at 695 nm with a CRI of 26.6.72 Gu et al.
developed red LEDs by combining the SrMgAl10−yGayO17: Mn4+

phosphor with blue LEDs, and its CIE coordinate values vary
from (0.146, 0.036) to (0.578, 0.229).53 Here, we fabricated
three red LEDs, and the corresponding CRI (35, 47, and 49) and
CIE values (0.472, 0.174), (0.624, 0.327), and (0.705, 0.286)
are found to be suitable for artificial lighting for plant
growth.18,70

4. CONCLUSIONS
In the present research, the innovative deep-red-emitting (Mg,
Ba)3Al2GeO8: Mn4+ phosphor was evaluated from its analogue
of Mg3Ga2GeO8: Mn4+. Initial replacement of Ga3+ by Al3+

yielded Mg3Al2GeO8: Mn4+, which showed a much more intense
red emission than Mg3Ga2GeO8: Mn4+ due to the strong
preference of Mn4+ to the [AlO6] octahedrons compared to
[GaO6] octahedrons. The coexisting phases of MgAl2O4 and
Mg2GeO4 in Mg3Al2GeO8: Mn4+ also contributed to the Mn4+

luminescence by providing more preferable octahedral sites for
Mn4+ occupancy. These sites reduced the natural reduction
probability of Mn4+ to Mn2+ in the tetrahedral sites, which was

confirmed by the low-temperature photoluminescence and
cathodoluminescence studies for the first time. Eventually, the
partial substitution of larger Ba2+ ions in Mg2+ sites caused
structural distortions and generated new Ba impurity phases,
which improved the Mn4+ photoluminescence further. Under
UV and violet-blue exposure, the optimum composition
Mg2.73Ba0.27Al2GeO8: Mn4+ exhibited a deep-red emission at
659 nm, which was 35-fold greater in intensity than the base
composition of Mg3Ga2GeO8: Mn4+. The emission matched the
absorption of chlorophylls liable for plants’ photosynthesis. The
intense red emission with 100% color purity of the optimized
composition makes it a suitable red phosphor to enhance the
color rendering of commercial white LEDs.
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