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Abstract 
White light-emitting diodes (LEDs) are a new generation of light sources that 
are used in solid-state lighting and information display devices. They gener-

ate less thermal radiation than incandescent and fluorescent lamps. Phos-
phor light-emiting diodes (PC-LEDs), which are based on this technology, 

have high luminous efficiency and energy efficiency; they are compact and 
havу a long service life. LED materials are subject to such requirements asen-
vironmental friendliness, transparency of the radiation source used in the 

excitation process, and color rendering efficiency. For use in LEDs, it is nec-
essary to investigate optical properties of inorganic materials that are doped 
not only with rare earth elements (due to their high cost) but also with tran-

sition metal ions such as Mn2+. This review summarizes and analyses infor-
mation on the synthesis, structure, and photoluminescent properties of bo-

rates MMeBO3, where M = Li, Na, K; Me = Mg, Ca, Sr, Ba, Zn doped with Mn2+ 
and Bi3+ and co-doped with rare earth metals (Ce3+, Eu3+). Impurity ions of 
activators, when introduced into a compound's lattice, become the main lu-

minescent centers of phosphors. Processes of energy transfer from the sen-
sitizer to the activator and their mechanisms are discussed. The dependence 
on the size and morphology of particles of the materials' luminescence effi-

ciency is discussed. The possibility of using borates as matrices for phos-
phors emitting red light is shown, along with their tunable luminescence for 
use in white LEDs and autoemission displays. 
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Key findings 
● Borates NaSrBO3:0.01Ce3+,0.07Tb3+ and KMgBO3:0.09Mn2+ showed high quantum ef-

ficiency values. 

● Devices made on the basis of NaCa0.96BO3:Ce3+,Mn2+, NaSr0.89BO3:Ce3+,Tb3+,Mn2+ can 

produce light close to white. 

● Borates MMeBO3 doped with Mn2+, Bi3+ are very promising materials for white LEDs. 

© 2024, the Authors. This article is published in open access under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

Interest in activated inorganic phosphors has especially in-

creased in recent decades due to the development of a new 

generation of light sources [1–10]. White light-emitting di-

odes (Рс-WLED) have become the main source of solid-state 

lighting and information display devices [9–13]. 

The development of light sources requires continuous 

improvement in the performance of white LED (WLED) and 

multicolor 3D displays to improve energy efficiency, color 

rendering, luminance, lifetime, and other characteristics. 

As is known, the phenomenon of luminescence occurs as 

a result of the electron transition emission in molecules or 

crystals from one energy level to another, lower energy 

level. The substance must be transparent to the source of 

radiation used in the excitation process. For luminescence 

to occur, it is important to have activators (impurity ions 

and lattice defects) occupying discrete energy levels in the 

forbidden zone. In insulators and conductors, the forbidden 

zone exists between the conduction band and the valence 

band. Luminescence centers are defect centers that can be 

intrinsic (electron-hole) centers or impurity centers [14]. 
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According to their electronic structure, these centers are 

classified into several types. The most common types are 

ions of rare earth elements and transition metal ions. The 

vast majority of commercially available PС-wLEDs are 

made from a blue LED and phosphors that photoluminesce 

to convert the wavelength. Some of the blue photons emit-

ted by the chip are absorbed by phosphors and converted to 

lower-energy photons spectrally. The combination of these 

blue photons with photons converted at decreasing fre-

quencies results in white light [4–7, 11–15]. Currently, the 

most popular phosphors on the market are made from ma-

terials containing rare earth elements in their composition. 

But due to the high cost and complexity of producing the 

latter, there is an urgent need for reliable substitutes for 

REE in photonic devices. 

Current commercial white light-emitting diode (w-LED) 

devices use a yellow phosphor Y3Al5O12:Ce3+ (YAG:Ce) with 

a blue chip (InGaN). This device has disadvantages such as 

low color rendering index (CRI, Ra < 75) and a high corre-

lated color temperature (CCT) due to the lack of red light 

[16, 17]. Therefore, stable red phosphors with good lumi-

nescent properties are in great demand. In red phosphors 

based on inorganic compounds, trivalent REEs such as Eu3+, 

Pr3+, Sm3+, and Eu2+ are used as luminescent centers [18–

21].  

The occurrence of luminescence is associated with three 

elementary processes: excitation (absorption), emission of 

light and non-radiative transitions. Due to the interaction 

of the activator ion with the surrounding crystal field, part 

of the excitation energy is transferred to the crystal lattice, 

which leads to a Stokes shift of the emission band relative 

to the corresponding absorption band towards longer wave-

lengths. The stronger the interaction between the activator 

and the lattice, the larger the Stokes shift and the wider the 

emission [14]. 

For use in LEDs, the optical properties of materials 

doped with not only REEs but also transition metal ions 

such as Cr3+ [22–24] and Mn2+ [25–28] are widely studied. 

The Mn ions act as activators and exhibit different valence 

states in different phosphors. The most common are diva-

lent Mn2+ and tetravalent Mn4+. Typically, the Mn2+ ion ex-

hibits broad emission from green to dark red due to the 

electronic transition 4T1(4G) → 6A1(6S), in which the excita-

tion level 4T1(4G)  decreases with increasing crystal field, 

causing the red shift in emission. The color of radiation de-

pends on the strength of the crystal field of the basic lattice 

and the coordination number of Mn2+ ions. Green radiation 

is produced by an Mn2+ ion in a weak crystal field coordi-

nated tetrahedrally [30, 31]. In materials with strong crys-

tal fields and octahedral environments, the Mn2+ ion shows 

orange to dark-red emission [26, 32–34]. 

Along with the selection of a suitable activator, the 

choice of the carrier matrix plays an important role in cre-

ating effective phosphors. The matrix should be a chemi-

cally and thermally stable compound that does not undergo  

 

any changes under conditions of long-term use at elevated 

temperatures. At the same time, the carrier material must 

be optically transparent to the emitted light. In the absence 

of energy transfer from the carrier lattice to the activator, 

the matrix material also must be transparent to the pump 

LED radiation [4]. 

Borate compounds are promising as matrices for phos-

phors due to their excellent physical and chemical proper-

ties, including wide transparency region, high thermal sta-

bility, wide band gap, high quantum efficiency, and strong 

absorption in the ultraviolet (UV) region [15, 20–22, 28, 32]. 

This paper systematizes information on the synthesis, 

structures and luminescent properties of borate materials 

MMeBO3, where M = Li, Na or K; Me = Mg, Ca, Sr, Ba, Zn, 

Cd, doped with divalent Mn2+ ions, as well as heavy metal 

ions Bi3+, Pb2+, co-doped with REE (Ce3+, Eu3+, Eu2+). 

2.  Solid-phase synthesis of borates 

MMeBO3, M = Li, Na, K; Me = Mg, Ca, 

Sr, Ba, Cd, Zn  

This method uses direct interaction of mixtures of initial 

reagents during heating; therefore, the key role is played 

by the initial substances, the physical and chemical proper-

ties of which determine the choice of processing parame-

ters. 

The main parameters of the calcination process are the 

heating rate, duration and temperature of annealing, and 

atmosphere. The rate of solid-phase reaction depends on 

the surface area of the reagents, the diffusion rate of the 

initial ions and reaction products, and the rate of nucleation 

of a new phase.  

The use of the solid-phase reaction method makes it 

possible to obtain particles with a high degree of crystal-

linity and large sizes (usually particles with sizes of 3–

5 µm are obtained) [4, 35]. For LED and display applica-

tions, particle size and their distribution are essential. 

For example, a material with a high external quantum 

efficiency allows the use of less material in the manufac-

ture of an LED chip. Activators with high absorption co-

efficient (Eu2+and Ce3+) are more promising than REE 

ions with linear emission and low absorption strength 

for 4f–4f transitions. In a coarse-grained phosphor ma-

terial, absorption losses increase due to scattering of the 

converted light, which reduces the total number of pho-

tons extracted from the phosphor layer. Consequently, 

the scattering losses will be determined by the particle 

size and distribution. These parameters are important in 

the manufacture of lighting devices, since a wide particle 

size distribution can lead to inhomogeneous emission 

colors [8]. The need to control the particle size and dis-

tribution in the LED package was reported [4]. Thus, the 

uniform size distribution of red, green and blue lumines-

cence avoids cascade excitation and thereby increases 

the luminescence efficiency. 
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The influence of different crystallite sizes in Y2O3:Eu3+ 

and LaPO4:Ce3+ phosphors on the photoluminescence emis-

sion intensities was studied in [36]. The authors used solid-

phase synthesis method, combustion and co-precipitation 

reactions, hydrothermal, sol-gel, and spray pyrolysis. The 

powders of both compositions showed almost similar crys-

tallite sizes obtained by spray pyrolysis, hydrothermal, co-

precipitation and solid-phase methods. The PL emission in-

tensity increased with increasing crystallite size, but no 

precise correlation was found between the PL emission in-

tensity and particle size. The traditional method of solid-

phase synthesis has been used to obtain ММеВО3 borates 

doped with Mn2+ ions [28, 37, 38] and co-doped Ce3+/Mn2+ 

[40, 41, 43–45], Eu3+/ Bi3+ [39, 42], Eu3+/ Mn2+ [46] ions 

presented in this review. Table 1 presents the conditions for 

the solid-phase synthesis of the studied materials. 

Table 1 shows that the solid-phase synthesis of MMeBO3 

is carried out, as a rule, by two-stage annealing of the start-

ing substances, less often – by three-stage or one-stage an-

nealing. The initial components are carbonates of the cor-

responding metals and boric acid, which is taken in a small 

excess, taking into account the losses due to sublimation. 

The annealing is carried out in a reducing atmosphere to 

prevent oxidation processes. 

3. Crystal structure of MMeBO3 

Crystal structures and luminescent properties of LiMeBO3,  

Me = Mg, Ca, Sr, Ba, Zn, Cd were described earlier [47]. In the 

present work, we will focus on the structures of sodium and 

potassium orthoborates with this composition in more detail. 

The data on the crystal structure of MMeBO3 borates are 

presented in Table 2.  It can be seen that the coordination 

in the presented structures changes according to the sizes 

of alkali and alkaline-earth metal cations. 

All known orthoborates of the composition MMeBO3, de-

spite sharing the same formula, differ in structure: most of 

them belong to the monoclinic syngony, but LiCaBO3 and 

NaCaBO3 belong to the rhombic system (Table 2). The pla-

nar BO3-groups are distributed differently in these com-

pounds. They are almost parallel to each other in LiMgBO3 

and perpendicular in LiCaBO3, while in other compounds 

they are distributed parallel along different directions. The 

structures differ in the type of coordination of the alkali and 

alkaline earth metals. Li atoms with a coordination number 

(CN = 5) form distorted trigonal bipyramides. Mg cations 

coordinated by 5 O atoms in LiMgBO3 form trigonal bipyra-

mides. Figure 1 shows the structural transformation from 

K/RbMgBO3 to Li/NaMgBO3 [59]. 

The Na atoms in NaSrBO3 and NaBaBO3 have one coor-

dination (CN = 6), forming octahedra. The Sr and Ca atoms 

have CN = 7 in LiSrBO3 and LiCaBO3, the Sr and Ba atoms 

have CN = 9 in NaSrBO3 and NaBaBO3, similar to the envi-

ronment of the Ba atoms in LiBaBO3. 

The Ca atoms are surrounded by 7 O atoms, forming sin-

gle-cap trigonal prisms in LiCaBO3. In contrast to the struc-

tures of lithium borates of LiMeBO3, a mixed occupancy of 

the positions of Ca atoms with Na atoms was found in the 

structure of NaCaBO3 (partial substitution by 20% Na) [53]. 

In the structure of NaCaBO3, two mixed positions M1 and 

M2 were found, differing in the oxygen environment: M1 

has a CN = 7, and M2 has a CN = 6. In addition, 2 independ-

ent Na atoms with an oxygen environment of 8 and 6 atoms 

isolated; their polyhedra, connecting by edges and faces, 

form chains along the c axis. 

Table 1 Conditions for solid-phase synthesis of borates doped with Mn2+ and Bi3+ and co-doped with Ce3+ and Eu3+. 

Material Starting substances 
Restore atmos-

phere 
Annealing mode 

Particle sizes 

(µm) 
Ref. 

LiMgBO3:Mn2+ 
Li2CO3, MgO, Na2CO3, K2CO3, 

MnCO3, H3BO3 
15% H2/85% Ar 

600 °C (24 h),  

800 °C (48 h), 
800 °C (6 h) 

12 37 

α-LiZnBO3:Mn2+ Li2CO3,ZnO, MnCO3, H3BO3 15% H2/85% Ar 
500 °C (24 h),  

900 °C (6 h) 
8–18 38 

KMgBO3:Mn2+ K2CO3, MgO, MnCO3, H3BO3 5% H2/95% Ar 550 °C (24 h), 800 °C (8 h) – 28 

LiMgBO3:Eu3+/Bi3+ 
Li2CO3,MgO, Eu2O3, Bi2O3, 

H3BO3 
– 700–800 °C (8 h) 3–5 39 

LiСaBO3:Ce3+/Mn2+ 
СaCO3, CeO2, MnCO3, H3BO3 

Li2CO3 excess 
C for recovery 

Ce4+до Се3+ 
500 °C (3 h), 750 °C (6 h) – 40 

LiBaBO3:Ce3+/Mn2+ 
Li2CO3,BaCO3, CeO2, MnCO3, 

3 % mol. H3BO3 
95% H2/5% N2 

400 °C (3 h), 

800 °C (4 h) 
– 41 

LiBaBO3:Eu3+/Bi3+ 
Li2CO3,BaCO3, 

Eu2O3, Bi2O3, H3BO3 
– 800 °C (5 h) 

43, 29 (nm) 

58, 28 (nm) 
42 

NaMgBO3:Ce3+/Mn2+ 
NaHCO3, CeO2, MgCO3,  MnCO3, 

3 % mol. H3BO3 
5% H2/95% N2 

˂ 650 °C (7 h), 
650 °C (8 h), 

750 °C 

– 43 

NaCaBO3:Ce3+/Mn2+ 
Na2CO3,CaCO3,CeO2, MnCO3, 

H3BO3 
5% H2/95% N2 900 °C (8 h) – 44 

NaSrBO3:Ce3+/Mn2+ 
Na2CO3, SrCO3, CeO2, MnCO3, 

5 % mol. H3BO3 
5% H2/95% N2 850 °C (8 h) – 45 

NaCaBO3:Eu3+/Mn2+ 
Na2CO3,CaCO3, MnCO3, Eu2O3, 

3 % mol. H3BO3 
5% H2/95% N2 

400 °C (1 h), 
850 °C (3 h) 

– 46 
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Table 2 Coordination numbers of cations in MMeBO3 structures. 

Material 
Crystal 
system 

Sp. 
gr. 

CN 
(М) 

CN 
(Me) 

CN 
(В) 

Ref. 

LiMgBO3 monocl. C2/c 5 5 3 48 

LiCaBO3 rhomb. Pbca 5 7 3 49 

LiSrBO3 monocl. P21/n 5 7 3 50 

LiBaBO3 monocl. P21/n 5 9 3 50 

α-LiZnBO3 monocl. C2/c 5 4 3 51 

NaMgBO3 monocl. C2/c 8 6 3 52 

NaCaBO3 rhomb. Pmmn 6,8 6,7 3 53 

NaSrBO3 monocl. P21/c 6 9 3 54 

NaBaBO3 monocl. C2/m 6 9 3 
55, 

56 

KMgBO3 cubic. P213 6 6 3 57 

KCaBO3 monocl. P21/c 5 7 3 58 

The main structural elements are isolated BO3-anionic 

groups distributed parallel to four directions, namely [301], 

[3̅01], [032], [03̅2].  

In none of the LiMeBO3 borates was a joint occupation 

of positions by cations detected. The authors of [53] attrib-

ute this to the large difference in the sizes of Li+ and diva-

lent cations. The coordination numbers in the structures of 

MMeBO3 according to data from different authors are given 

in Table 2. 

A close relationship was found between the structures 

of NaMgBO3 and NaSrBO3, which manifests itself in the ex-

change of positions of the alkali and alkaline earth metal 

ions [52]. Thus, Mg atoms in NaMgBO3 occupy the positions 

of Na atoms in the structure of NaSrBO3, and Na atoms oc-

cupy the positions of Sr atoms. The difference in the va-

lences of the substituting metals leads to a significant de-

formation of the NaMgBO3 structure, leading to an increase 

in its symmetry (see Table 2). The diversity of crystal struc-

tures can be explained by the significant activity of alkali 

and alkaline earth metals. 

4. Doping of MMeBO3 with Mn2+ and Bi3+ 

ions 

Rare earth elements (REE) used in phosphors are usually 

expensive, and most phosphors require high synthesis tem-

peratures and harsh preparation conditions [26–28]. All 

this limits their wide application; therefore, great efforts 

are being made to create materials that do not contain REE 

ions, with low cost and mild production conditions, for use 

in LEDs [26, 28]. Alternative materials with good lumines-

cent properties are phosphors doped with Mn2+. They are 

capable of providing high luminescence efficiency and color 

purity when excited by a wide variety of excitation methods 

(UV light, electron beams, etc.). 

The Mn2+ ion has a d5 electronic configuration and is 

widely used in inorganic phosphors as a red light activator. 

The emission of the ion occurs due to the parity forbidden 

dipole-dipole (d–d- transitions) 4T1 and 6A1 [12, 17, 32, 41, 

60]. Depending on the strength and the crystalline field of 

the matrix, the color of the Mn2+ emission can vary from 

green to dark red. 

Some borates such as β-Zn3B2O6:Mn2+ [32], 

LiMgBO3:Mn2+ [37], KMgBO3:Mn2+ [28], ZnB2O4:Mn2+ [61] 

were shown to be promising luminescent matrices for 

LEDs. 

Mn2+ and heavy metal (Bi3+, Pb2+) ions are doped to-

gether with rare earth ions [43–46, 60, 62–65] to enhance 

the emission intensity and color tuning. For example, Ce3+ 

acts as a good sensitizer by transferring part of its energy 

to the activator ion. By co-doping an inorganic matrix with 

Ce3+ and Mn2+ ions with effective resonance-type energy 

transfer, white light can be obtained. 

As is known, the condition for resonant energy transfer 

is the overlap between the emission spectrum of the sensi-

tizer and the absorption spectrum of the activator. It can be 

realized through exchange interaction and electrical multi-

polar interaction [66]. 

 

 
Figure 1 Structural transformation from K/RbMgBO3 to Li/NaMgBO3 (green tetrahedra are MgO4, yellow triangles are BO3) [59].  
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The emission of the Bi3+ ion as an activator is associated 

with the transition of electrons between the ground state 

6s2 and the excited states 6s6p. It exhibits strong interac-

tion with the lattice and energy transfer from one Bi3+ ion 

to another Bi3+ ion or to another activator. The optical prop-

erties of Bi3+ ions with the external electron configuration 

6s2 depend on a number of conditions, such as covalence, 

coordination number and symmetry of the sites. Therefore, 

depending on the matrix, the luminescence of Bi3+ ions can 

vary from the ultraviolet to the red region of the spectrum 

[67–69]. Bi3+ ions, being a co-activator, can become a sen-

sitizer, acting as a primary excitation energy center and 

nonradiatively transferring their energy to enhance the ra-

diation intensity of another dopant ion [69]. 

5. Relationship between structure and lu-

minescent properties 

Wu et al. [37] refined the structure of LiMgBO3:0.04Mn2+ 

by the Rietveld method. It turned out that Mn2+ ions statis-

tically fill two crystallographically independent positions of 

Li ions with a coordination number of 5. Their polyhedra 

are described as strongly distorted trigonal bipyramids. The 

significant distortion of trigonal bipyramides is due to the 

partial filling of both Li+ positions with activator ions. This 

leads to further splitting of the E and T levels of Mn2+ ions 

and shifts the first excited state 4T1 (4G) towards lower en-

ergy. The structure model was confirmed by measuring the 

electron paramagnetic resonance (EPR) spectra of the two 

samples. The presence of two emission centers in the emis-

sion spectrum of the LiMgBO3:0.04Mn2+ sample indicates 

the presence of two different positions of the activator ions 

in the main lattice. 

From the analysis of the factors characterizing the 

strong crystal field (activator charge, Mn - O distances), it 

can be seen that the reason for the dark red emission band 

is the splitting of the d-levels of the Mn2+ ion. The crystal 

structure of α-LiZnBO3 consists of ZnO4 tetrahedra con-

nected by vertices, BO3 triangles and Li pentahedra [38]. 

Each Zn atom has a distorted tetrahedral coordination, and 

two ZnO4 tetrahedra with an inversion center, connecting 

by a common edge, form a Zn2O6 dimer. X-ray diffraction 

confirmed that the α-LiZnBO3 matrix doped with Mn2+ ions 

crystallizes in a monoclinic lattice, space group C2/c, with 

parameters a = 8.746 (2), b = 5.091 (1), c = 6.129 (1) Å,  

β = 118.75 (3) ° [38]. The authors' assumptions about the 

placement of Mn2+ ions in the positions of Zn2+ ions were 

confirmed by the research results. The unalloyed sample 

showed white daylight due to strong reflection in the visible 

area. 

The EPR spectra of undoped and doped α-LiZnBO3 sam-

ples were characterized by strong resonance peaks indicat-

ing the contribution of the Mn2+ ion spin. The absorption in 

the region below 220 nm was attributed to the ultraviolet 

absorption of the matrix according to the diffuse reflec-

tance spectra. The peak at 238 nm is attributed to the 

charge transfer state (CTS) O2 -→ Mn2+. The absorption in 

the 300–600 nm region is mainly due to the d–d transition 

of Mn2+, and the intense absorption band can be explained 

by the transition from the ground state 6A1 to the excited 

state 4T1 of the Mn2+ ion. Manganese-doped α-LiZnBO3 sam-

ples show white or pale pink color with increasing Mn2+ 

concentration. All transitions from the excited d5 level are 

spin forbidden, so the optical absorption of Mn2+ is usually 

weak, as, for example, in Zn2SiO4 [70]. 

The strong absorption band in α-LiZnBO3:Mn2+ indicates 

obvious deviations from the selection rules. Figure 2 shows 

the crystal structure of NaMgBO3:Ce3+,Mn2+ and the coordi-

nation environment of metal cations according to [43]. The 

ions introduced jointly into the monoclinic structure re-

place the Na+ and Mg2+ ions according to their sizes. It is 

shown that Ce3+ ions partially replace the Na+ positions, 

and Mn2+ ions substitute the Mg2+ positions. 

6. Photoluminescent properties 

6.1. Influence of morphology and particle size on 

luminescence 

There are few works that examined the size and shape of 

particles, as well as the effect of co-doping on their mor-

phology. The morphology of homogeneous 

LiMg0.75BO3:0.25Eu3+ crystals, which had an average parti-

cle size of about 3–5 µm, was investigated by scanning elec-

tron microscopy (SEM) [39]. According to [71, 72] the small 

size and uniform shape of crystals can increase their den-

sity and enhance the luminescence intensity of materials.  

Based on the results of the particle size study of the orig-

inal luminophore LiMg0.75BO3:0.25 Eu3+, a change in the 

morphology and particle size was found upon the addition 

of Bi3+. The particle sizes of the LiMg0.945BO3:0.05Eu3+, 

0.005Bi3+phosphor increase with the introduction of a co-

activator. The change in the sizes of materials doped with 

one and two activators according to this work can be ob-

served in Figure 3. 

 
Figure 2 Crystal structure of NaMgBO3:Ce3+,Mn2+ [43]. 
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Figure 3 Images of LiMg0.75BO3:0.25Eu3+ (a) and LiMg0.945BO3:0.05Eu3+, 0.005Bi3+ (b), obtained by SEM according to [39]. 

The excitation and emission spectra of the phosphors 

LiMg0.75BO3:0.25Eu3+, LiMg0.749BO3:0.25Eu3+,0.001Bi3+ 

were investigated [39]. In the excitation spectra of both 

phosphors, the lines assigned to the 4f -transitions of Eu3+ 

(7F0→ 5D2 at 466 nm and 7F0→ 5L6 at 395 nm) as well as a 

broad charge transfer (CT) band of O2- - Eu3+ in the UV re-

gion were observed. The line intensities of the Eu3+ 4f -tran-

sitions were higher in the sample 

LiMg0.749BO3:Eu3+
0.25,Bi3+

0.001. As is known, the energy lev-

els of REE ions are split in the crystal field created by the 

crystal lattice. Consequently, the splitting of the levels de-

pends on the crystal structure of the lattice itself. According 

to the Laporte parity selection rule, if the REE ion occupies 

a centrosymmetric position, only magnetic dipole transi-

tions are possible. If the REE ion is in a non-centrosymmet-

ric position, both magnetic dipole and electric dipole tran-

sitions are possible [44, 73]. The dominant peak located at 

615 nm in the emission spectrum of 

LiMg0.749BO3:Eu3+
0.25,Bi3+

0.001 is attributed to the 5D0 → 7F2 

electric dipole transition of Eu3+ ions, provided that the Eu3+ 

ions are located away from the center of symmetry in the 

crystal lattice [39]. Another intense peak located at 593 nm 

is attributed to the magnetic dipole transition 5D0 → 7F1 of 

Eu3+ ions. The emission spectrum indicates the influence of 

co-doping on the symmetry of Eu3+ ions in the 

LiMg0.75BO3:0.25Eu3+ phosphor, since the 5D0 → 7F1  transi-

tion is insensitive to the position. 

The luminescence intensity reached a maximum at 

615 nm at a Eu3+ doping concentration of 25 mol %. It de-

creased sharply at a Eu3+ doping concentration of 30 mol 

%. The authors explain the process of PL quenching by en-

ergy migration between Eu3+ ions. The critical distance of 

energy transfer between Eu3+ ions Rc, calculated by the con-

centration quenching method, was 16.31 Å. Since the calcu-

lated Rc value of LiMgBO3:Eu3+ is greater than 5 Å (a typical 

critical distance for exchange interaction), the energy 

transfer process cannot be limited mainly by the exchange 

interaction. When the LiMgBO3:Eu3+ sample is co-doped 

with a sensitizer (Bi3+ ions), the absorption capacity of the 

7F0→ L6 and 7F0→ 5D2 transitions increases. The authors at-

tribute the increase in luminescence intensity of the  

LiMg0.75–yBO3:0.25Eu3+,yBi3+ sample to the energy transfer 

of Bi3+ → Eu3+. 

The quadrupole-quadrupole interaction is indicated as 

the main mechanism of energy transfer in the sample. 

When Li+ ions are replaced by M = K+, Na+ in  

Li1–yMyMgBO3:0.04Mn2+, the luminescence intensity in-

creases with increasing doping concentration and reaches a 

maximum at y = 0.06 [37]. It was found that the emission 

intensities of Li0.94K0.06MgBO3:0.04Mn2+ and 

Li0.94Na0.06MgBO3: 0.04Mn2+ are approximately 2 and 

1.5 times higher than the emission intensity of 

LiMgBO3:0.04Mn2+. According to the SEM results, the crys-

tallites of Li0.94K0.06MgBO3: 0.04Mn2+ turned out to be 

larger and more spherical than Li0.94Na0.06MgBO3 and espe-

cially LiMgBO3:0.04Mn2+. The average particle sizes for 

them are shown in Table 3. The results of this work agree 

with the data [71–74], in which the dependence of the FL 

intensity of phosphors on the crystallite size and morphol-

ogy of materials was observed. The data of the cited works 

showed that the PL intensity increases with the growth of 

crystallite sizes and particle sizes, respectively.  The im-

portant role of the crystallite size effect compared to the 

particle size effect and the favorable influence of the spher-

ical morphology on the increase in the emission intensity 

were noted [72]. 

Table 3 Particle size, сhromaticity coordinates (λex = 427 nm) at 
temperatures of 25 °C and 150 °C and activation energies of the 

studied borates according to [37]. 

Composition 
Particle 

size, µm 

CIE (x,y) 
Ea , эВ 

25° С 150° С 

LiMgBO3:0.04Mn2+ 12.35 
(0.715, 

0.285) 

(0.707, 

0.293) 
0.254 

Li0.94 Na0.06MgBO3: 

0.04Mn2+ 
28.53 

(0.717, 

0.283) 

(0.709, 

0.291) 
0.256 

Li0.94 K0.06MgBO3: 

0.04Mn2+ 
43.25 

(0.717, 

0.283) 

(0.709, 

0.292) 
0.261 
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Lephoto et al. [42] studied the Bi3+→ Eu3+ energy trans-

fer mechanism in LiBaBO3. The results showed tunable 

emission, which is associated with simultaneous broadband 

emission at 593 nm and narrowband emission due to f–d 

and f–f transitions of Eu2+ and Eu3+, respectively. According 

to the results of the study, some of the Eu3+ ions were re-

duced to Eu2+. The samples showed greenish-blue (493 nm) 

and red (613 nm) luminescence, attributed to the emission 

of Eu2+ and Eu3+ ions. The red narrow-band emission at 

613 nm depends on the concentration of the coactivator and 

is significantly enhanced after co-doping with Bi3+, indicat-

ing nonradiative energy transfer Bi3+ → Eu3+. Co-doping 

with Bi3+ ions changes the color of the material from whit-

ish to orange depending on the Bi3+ concentration. The CIE 

coordinates of LiBaBO3:Eu3+, Bi3+ are given in Table 4.  

The excitation and emission spectra of LiCaBO3 borate 

doped with different concentrations of Pb2+ and Bi3+ were 

studied in [75]. The optimal contents of activators maxi-

mally emitting at room temperature were determined. The 

LiCaBO3:Pb2+ sample showed an emission band at 296 nm 

upon excitation with a wavelength of 265 nm. For the Bi3+ 

doped sample, the emission band was observed at 378 nm 

under excitation with a wavelength of 304 nm. The calcu-

lated Stokes shift values for the samples were 3952 nm–1 for 

LiCaBO3:Pb2+ and 6440 nm–1 for LiCaBO3: Bi3+, respectively. 

Analysis of the photoluminescent properties of both mate-

rials showed their potential for use in fluorescent lamps. 

6.2. Thermal stability of luminophores 

Thermal stability is an extremely important factor for 

evaluating the possibility of using a phosphor, which 

determines the effectiveness and reliability of a practical 

device. This characteristic of the luminescent material 

shows the possibility of using it at elevated temperatures.  

Temperature-dependent PL spectra (λexc. = 427 nm) and X-

ray diffraction patterns for Li0.94M0.06MgBO3:0.04Mn2+, M = Li, 

Na, K were studied in the temperature range of 25–200 °C [37]. 

Table 4 CIE coordinates and excitation wavelength in doped borates of MMeBO3. 

Material 
λex. 

(nm) 

CIE coordinates 

(x, y) 
Color Ref. 

LiMgBO3:0.04Mn2+ 427 (0.715, 0.285) red 37 

LiMg0.75-yBO3:0.025Eu3+, Bi3+ 395, 427 – orange-red 39 

α-LiZnBO3:0.07Mn2+ 431 (0.66, 0.34) red 38 

LiCaBO3:0.02Ce3+,0.12Mn2+ 349 (0.20, 0.20) violet 40 

LiCaBO3:Mn2+ 349 (0.47, 0.52) orange 40 

LiBaBO3:0.05Ce3+,0.02Mn2+ 345 (0.358, 0.251) white 41 

LiBa1-xBO3:0.020Eu3+,Bi3+ 325 (0.368, 0.378) white 42 

LiBa1-xBO3:0.025Eu3+,Bi3+ 325 (0.376, 0.366) white 42 

NaMgBO3:0.01Ce3+,0.06Mn2+ 365 – 
blue (475), 
red (710) 

43 

NaCa0.992 BO3:0.01Ce3+,0.01Mn2+ 360 (0.246, 0.143) blue 44 

NaCa0.992BO3:0.01Ce3+,0.03Mn2+ 360 (0.335, 0.259) white 44 

NaCa0.992BO3:0.01Ce3+,0.10Mn2+ 360 (0.489, 0.246) orange 44 

NaCaBO3: 0.05Mn2+ 347 (0.605, 0.395) red 64 

NaCaBO3:0.01Ce3+,0.01Mn2+ 347 (0.274, 0.177) blue 64 

NaCaBO3:0.01Ce3+,0.03Mn2+ 347 (0.358, 0.247) white 64 

NaCaBO3:0.01Ce3+,0.05Mn2+ 347 (0.397, 0.259) white 64 

NaCaBO3:0.01Ce3+,0.11Mn2+ 347 (0.540, 0.330) orange 64 

NaCaBO3:0.01Ce3+,0.01Tb3+, 0.03Mn2+ 347 (0.353, 0.265) white 64 

NaCaBO3:0.01Ce3+,0.05Tb3+, 0.03Mn2+ 347 (0.344, 0.313) white 64 

NaCaBO3:0.01Ce3+,0.09Tb3+, 0.03Mn2+ 347 (0.354, 0.315) white 64 

NaCaBO3:Eu2+,Mn2+ 330 – 
blue (477), 
red (602) 

46 

NaCaBO3:0.07Eu2+,0.01Mn2+ 330 (0.287, 0.308), white 46 

NaCaBO3:0.07Eu2+,0.02Mn2+ 330 (0.341, 0.321), white 46 

NaCaBO3:0.07Eu2+,0.03Mn2+ 330 (0.381, 0.318), white 46 

NaCaBO3:0.07Eu2+,0.05Mn2+ 330 (0.465, 0.332), orange 46 

NaCaBO3:0.07Eu2+,0.07Mn2+ 330 (0.535, 0.317) orange 46 

NaSrBO3:0.05Mn2+ 360 – red 45 

NaSrBO3:0.01Ce3+,0.05Mn2+ 360 – 
blue (430), 

red (650) 
45 

NaSr0.89BO3:0.013Ce3+,0.073Tb3+, 

0.032Mn2+ 
365 (0.2810, 0.2505) white 65 

KMgBO3:0.09Mn2+ 438 (0.66, 0.33) red 28 
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It was found that the shape and positions of the Mn2+ 

emission peaks are practically independent of temperature 

changes. The authors attribute this to the small difference 

in energy between the two emission centers and the 

statistical filling of the Li+ positions by the activator ions. 

High-temperature X-ray diffraction showed a shift of 

reflections towards small diffraction angles with increasing 

temperature above 150 °C. The latter indicates a slight 

thermal expansion of the borate lattice, which further 

explains the behavior of the Mn2+ emission peaks. 

Due to the thermal quenching effect, the luminescence 

intensity decreases with increasing temperature. According 

to [37], the thermal stability of photoluminescence for 

Li0.94M0.06MgBO3:0.04Mn2+ (M = Li, Na, K) exceeds the 

thermal stability of the commercial red phosphor SrS:Eu2+ 

(Figure 4). It can be seen that the CIE (x,y) chromaticity 

coordinates and activation energy values are almost the 

same for all samples. The obtained results indicate a very 

good thermal stability of the Li0.94M0.06MgBO3:0.04Mn2+ (M 

= Li, Na, K) phosphors. 

In [44] the PL spectra of NaCa0.96BO3:0.01Ce3+,0.03Mn2+ 

were studied upon excitation at 360 nm, taken with an 

increase in temperature from 293 to 493 K. All spectra 

consist of two characteristic emission bands in the range of 

365–380 nm, which are explained by the 5d1 – 4f1 

transitions of Ce3+ ions and 4T1(4G) – 6A1(6S) transitions of 

Mn2+ ions in the NaCaBO3 lattice. With an increase in 

temperature from 293 K to 493 K, the photoluminescence 

intensities of Ce3+ and Mn2+ ions decrease to 33.4% and 

42.4%, respectively. The authors explain the thermal 

quenching of luminescence by the temperature dependence 

of the electron-phonon interaction in the luminescence 

center and thermally activated photoionization of the 

lanthanide. Both mechanisms depend on the crystal lattice 

of the matrix and crystallinity of the phosphors. The 

activation energy of electrons excited from the ground state 

level 4f to the 5d1 level of field splitting of Ce3+ ions was 

0.26 eV. In addition, the thermal quenching temperature, 

defined as the temperature at which the PL intensity is 50% 

of the initial value, is about 465 K. The authors note that 

the NaCa0.96BO3:0.01Ce3+,0.03Mn2+ phosphor has better 

thermal stability compared to previously reported 

phosphors. Based on the temperature-dependent PL spectra 

of NaMgBO3:0.01Ce3+,0.06Mn2+ at excitation of 375 nm, a 

tendency to change the normalized peak and integral 

intensities was established [43]. The emission of the 

NaMgBO3:0.01Ce3+,0.06Mn2+ phosphor presents a 

thermostable luminescence of Ce3+ and an almost linear 

thermal quenching curve of Mn2+. The calculated value of 

the maximum relative temperature sensitivity at 473 K was 

0.69 % K, and the temperature resolution reached 0.01 K. 

The obtained data indicate the possibility of using 

NaMgBO3:Ce3+,Mn2+ borate as the main material of 

sensitive temperature measurement devices with high 

resolution.  

 
Figure 4 The temperature dependence of the photoluminescence 

intensity for Li0.94Mg0.06BO3:0.04Mn2+ (M = Li, Na, K) compared to 

commercial SrS:Eu2+ phosphors [37]. 

6.3. Red phosphors 

According to the existing concepts, tetrahedrally 

coordinated Mn2+ with a weak crystal field usually gives 

green emission. Table 5 shows the emission bans data of 

several representatives of different classes of compounds 

doped with Mn2+ ions. The compounds have different 

symmetries and crystallize in different structural types. In 

these compounds, the Mn2+ ion is tetrahedrally 

coordinated, but they all emit red light. The red emission 

observed for tetrahedrally coordinated Mn2+ in MZnOS 

compounds is explained by further splitting of the two 

levels of the Mn2+ ion into more levels in the distorted 

tetrahedron, leading to a shift of the first excited state 

towards a lower energy [76]. As a consequence, the first 

excited state of the Mn2+ ion will be located at a relatively 

lower energy in BaZnOS compared to CaZnOS. Therefore, 

longer wavelength emission for Mn2+ is observed in BaZnOS 

(634 nm) than in CaZnOS (614 nm). Due to the energy 

transfer between the lattice and the activator, MZnOS can 

be effectively excited by excitation of the matrix lattice in 

the wavelength range of 230–350 nm. It is shown that 

CaZnOS can be efficiently excited by the excitation of the 

Mn2+ ion itself in the range of 350–500 nm, which is rare 

for most Mn2+-doped phosphors. 

The special behavior is explained by the lifting of the 

spin and parity ban on the d−d transitions of Mn2+ [76]. The 

high absorption and strong excitation bands of CaZn1-

xMnxOS in the range of 350–500 nm correspond to the 

emitting light of UV-blue LEDs, indicating their unique 

properties as conversion phosphors. 

The positions of the emission bands of the studied 

borates MMeBO3 are in the red region of the spectrum, the 

full width at half-height of the emission peak for α-

LiZnBO3:Mn2+ was 80 nm, and for KMgBO3:Mn2+ it is 70 nm. 

These values are averages for the emission bands excited 

by near-UV light and fit well into the general picture (Table 

5). All investigated borates emit red light, which can be 

traced by the corresponding chromaticity coordinates. For 

two representatives α-LiZnBO3:Mn2+ and KMgBO3:Mn2+, the 
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CIE coordinate values differ little from the ideal red light 

(0.66, 0.33). 

According to [77], Mn2+ ions with a coordination 

number CN = 4 have close values of radii r = 0.66 Å with 

Zn2+ (r = 0.60 Å), Mg2+ (r = 0.56 Å) with the same 

environment and ion charge. A series of red phosphors was 

obtained by doping KMgBO3 with Mn2+ ions [28]. The 

structure was solved by the Rietveld method, which showed 

that the activator ions replace the Mg2+ positions. The 

strong absorption in KMgBO3:Mn2+ is explained by the 

relaxation of the spin- and parity-forbidden d–d transitions 

of Mn2+. The observed red emission line of Mn2+ centered at 

636 nm is due to the 4T1(4G) → 6A1(6S) transition. The shift 

of Mn2+ emission to the red region of the spectrum is 

explained by the strong crystal field created by the matrix 

(Figure 5). The inset shows a photograph of a sample that 

is excited at 351 nm and emits a bright red color in the dark. 

The optimal Mn2+ content is a concentration of 9 mol.%, 

and the critical distance is 11.95 Å [28]. 

Anomal red emission was detected for tetrahedrally 

coordinated Mn2+ in α–LiZnBO3 [51]. The emission spectra 

of all samples with different activator concentrations 

contained a  road red emission band with a maximum at 

647 nm regardless of the excitation wavelength. The 

authors attribute the red emission with further splitting of 

the d-level of Mn2+ during the transition from the excited 

electronic state to the ground state 4T1 (4G) → 6A1 (6S). 

Luminescence quenching in the samples was observed at 

the Mn2+ content x = 7 mol %. That is, in α-LiZnBO3:Mn2+ 

there is a weakening of the selection rules for the spin and 

parity of the d–d transitions of the divalent manganese 

ions. The Zn2 + ions are coordinated by O2–, forming a 

distorted tetrahedron. Substitution of Mn2+ ions for the 

positions of Zn2+ ions leads to further distortion of the 

tetrahedra, creating a strong crystal field, as in the case of 

CaZnOS. 

The absence of dependence of peak positions and the 

shape of emission spectra on the excitation wavelength 

indicates the presence of only one luminescence center in 

the material. This confirms that the activator ions (Mn2+)  

fill only one position in the lattice of double lithium zinc 

borate. The observed emission band is explained by the 4T1 

(4G) → 6A1 (6S) transition of Mn2+ ions. 

6.4. Tunable luminescence 

Along with thermal stability, the most important 

technological parameter of a phosphor is quantum 

efficiency (QE), which determines its suitability for use in 

LEDs. Their use in backlit displays is limited by low 

quantum efficiency (QE) [4, 5]. Inorganic phosphors with 

color tuning and excited in the near ultraviolet are required 

for display backlighting.  

The quantum efficiency of luminescence is reduced by 

nonradiative channels, which can be minimized by using 

low-phonon host lattices. The internal quantum efficiency 

has a direct effect on the absorption capacity of the material 

and the intensity of the radiation. In a luminescent 

material, the larger the particles, the higher the scattering 

of the converted light. Accordingly, the higher the 

absorption losses, which reduce the total number of 

photons extracted from the luminophore surface. That is, 

the scattering losses are determined by the size of the 

phosphor particles and their distribution [4]. 

 
Figure 5 Excitation spectrum at 636 nm and emission spectra ex-

cited by different wavelengths of phosphorus KMgBO3:0.09Mn2+, 

according to [28].  

Table 5 Characteristics of emission bands in some red phosphors. 

Material Sr. gr. λexc, (nm) 
Peak cen-

ter, (nm) 

FWHM 

(nm) 
CIE (x, y) Ref. 

LiMgBO3:0.04Mn2+ C2/c 427 705 – (0.715, 0.285) 37 

α-LiZnBO3:Mn2+ C2/c 431 647 80 (0.66, 0.34) 38 

NaCaBO3:Mn2+ Pmmn 347   (0.605, 0.395) 64 

KMgBO3:Mn2+ P213 438 636 70 (0.66, 0.33) 28 

β- Zn3B2O6:Mn2+ C2/c 587 595 94 (0.559, 0.0439) 32 

CaZnOS:Mn2+ P63cm 300 614 50  76 

BaZnOS:Mn2+ CmCm 315 634 60  76 

ZnGeN2:Mn2+ Pna21 343 605 143 (0.6259,0.3662) 78 

Ca3MgP4O16:Mn2+ C12/c1 410 625 120 (0.5964, 0.401) 79 

Ca8ZnLu(PO4)7:Mn2+ R3c 369 650 – (0.677, 0.323) 80 

SrZn2S2O:Mn2+ Pmn21 310 590  (0.559, 0.437) 81 
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In a number of single-phase phosphors, it is possible to 

successfully achieve emission color regulation by co-doping 

with Ce3+-Tb3+-Mn2+ [84,85,90–93] or Ce3+-Eu2+-Mn2+ [94], 

etc. Usually, Ce3+-Tb3+ and Ce3+-Mn2+ pairs combine well in 

the energy transfer process due to their matched energy 

levels [95]. In addition, Eu2+ and Ce3+ ions are commonly 

used as sensitizers because their emission bands are so 

broad that they easily overlap with the excitation band of 

other activators, such as Mn2+ [94]. 

Tunable luminescence was studied for a number of 

borates , such as LiCaBO3 [40], LiBaBO3 [41, 42], NaMgBO3 

[43], NaCaBO3 [44, 46, 64], and NaSrBO3:Ce3+/Mn2+ [45, 

65]. Upon excitation with near-UV light, all the studied со-

doped samples exhibited double emission of blue and 

orange (red), which are the result of the 5d–4f transitions 

in Ce3+ ions and the forbidden transition in Mn2+ ions. Guo 

et al. [40] reported that the energy transfer from Ce3+ → 

Mn2+ is related to the resonance type and has a dipole–

dipole (d–d) mechanism with a critical distance of about 

4.1 Å. It is believed that by regulating the concentration of 

Ce3+ and Mn2+ ions, the emission color can be adjusted from 

blue to orange. Thus, the glow color of LiBaBO3 phosphors: 

5  mol.% Ce3+/y mol.% Mn2+ (y = 0, 1, 2, 3, 4, and 5) 

changed from blue to orange with an increase in the content 

of manganese ions (see Figure 6). The nonradiative energy 

transfer process Ce3+→ Ce3+ is described by exchange 

interaction, radiation reabsorption and multipolar 

interaction [41]. The energy transfer efficiency of Ce3+ → 

Mn2+ in the LiBaBO3 lattice contributes to a gradual decrease 

in the luminescence intensity of the materials with 

increasing manganese ion content. It is noted that the 

material of the composition LiBaBO3:5 mol.% Ce3+/2 mol.% 

Mn2+ has a glow close to white light with CIE (0.358, 0.251). 

In the sample NaSrBO3:Ce3+,Mn2+, the energy transfer 

efficiency of Ce3+ →Mn2+ was almost 50%, and the critical 

distance calculated from spectral data and from the results 

of crystal structure determination is ~13 Å [45]. In NaCaBO3 

phosphors obtained by different methods [44], the color 

was tuned from blue to red by changing the Ce3+/Mn2+ ratio. 

The samples synthesized by sol-gel technology with grain 

sizes ~ 5 µm showed the highest energy transfer efficiency 

(90%) and higher quantum efficiency (80%) than those 

obtained by solid-phase method. The authors attribute this 

to the smooth surface, size, and homogeneity of the 

sensitizer/activator ions. It was observed that nanosize and 

homogeneous shape of crystals contributes to an increase 

in their density [74, 98], an increase in the efficiency of the 

emitted light and the intensity of luminescence [74, 96–99]. 

The photoluminescent properties of NaCaBO3:Ce3+,Mn2+ 

were investigated in detail in [44]. In the emission 

spectrum of the NaCa0.89BO3:0.01Ce3+,0.10Mn2+ sample, 

two bands with maxima at 400 and 600 nm were observed, 

due to energy transfer from Ce3+ to Mn2+ with an efficiency 

of  ˃ 83%. The resonance nature of energy transfer by the 

dipole-dipole mechanism wasestablished. The critical 

energy transfer distance found by the spectral overlap 

method is RC = 19.41 Å, and the one calculated by the 

concentration quenching method is 22.85 Å. 

Varying the concentration of Mn2+ in 

NaCa0.992yBO3:0.01Ce3+,yMn2+ changed the emission colors 

from blue CIE (0.162, 0.031) to white light (0.335, 0.259) 

and orange light (0.489, 0.246). 

The structure, morphology, energy transfer mechanism, 

photoluminescent and temperature-dependent properties 

of a new series of dual-emitting borates NaMgBO3:Ce3+,Mn2+ 

for use in temperature measurement devices were studied 

[43]. Intense dual broadband emission with two peaks 

located at 475 and 710 nm was recorded. The first maximum 

is attributed to the d–f transition of Ce3+, and the second to 

the 4T1 g(G) → 6 A1g(S) transition of Mn2+. 

Temperature-dependent emission of  the phosphorus 

NaMgBO3:Ce3+,Mn2+ showed thermally stable luminescence 

of Ce3+ and nearly linear thermal quenching curve of Mn2+. 

Tunable luminescence was obtained for 

NaCaBO3:Eu2+,Mn2+ phosphors by regulating the 

concentration of Eu2+ and Mn2+ ions [46]. When excited at 

330 nm, two bands at wavelengths of 477 and 602 nm are 

present in the emission spectrum due to the energy transfer 

of Eu2+ → Mn2+. 

The energy transfer is confirmed by the spectral overlap 

of the NaCaBO3:Eu2+ emission band with the NaCaBO3:Mn2+ 

excitation band. It is accompanied by a decrease in the Eu2+ 

emission lifetime with increasing Mn2+ concentration. 

Figure 7 shows the energy transfer model between Ce3+→ 

Tb3+ and Ce3+→ Mn2+ in the NaCaBO3 matrix [64]. 

Ce3+ ions absorb ultraviolet light, transitioning from the 

ground state (2F5/2) to excited states. Then the energy is 

transferred to the 5D3 level of Tb3+ ions, which gives its 

characteristic transitions and transfers energy to the 5D4 

level by cross-relaxation. This is followed by a set of 

characteristic optical transitions 5D4→7FJ followed by a 

radiative transition from the excited state 4T1 (4G) to the 

ground state 6A1 (6S), which leads to the typical Mn2+ 

emission at wavelengths 488, 545, 586 and 623 nm (J = 6, 

5, 4 and 3) in the matrix lattice. 

 
Figure 6 CIE chromaticity diagram of LiBaBO3:5 mol. % 

Ce3+/y mol.% Mn2+ (y = 0, 1, 2, 3, 4, and 5) [41]. 
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Figure 7 Model of energy transfer between Ce3+→Tb3+ and 

Ce3+→Mn2+ in the NaCaBO3 matrix [64]. 

Variation in the content of co-doped ions showed that 

with an increase in the concentration of Tb3+, the intensity 

of Ce3+ emission decreases; the intensity of Tb3+ emission 

increases to x = 0.05 and then begins to decrease due to 

concentration quenching. 

The obtained results indicate an efficient energy 

transfer from Ce3+ to Tb3+ and the possibility of regulating 

the intensities of blue Ce3+ or green Tb3+ emission by 

appropriately adjusting the concentration of Ce3+ 

(sensitizer) and Tb3+ (activator). A similar situation is 

observed with the energy transfer of Ce3+→ Mn2+. 

According to the emission spectra of 

NaCaBO3:0.01Ce3+,yMn2+ (λex = 347 nm) with different 

concentrations of Mn2+, it was found that the PL intensity 

of the red band of the Mn2+ activator radiation increases 

and reaches a maximum at 5 mol %, and then the effect of 

concentration quenching is manifested (Figure 8). 

The intensity of the blue fluorescence of the Ce3+ 

sensitizer decreased simultaneously with an increase in the 

Mn2+ content as a result of energy transfer from Ce3+ to 

Mn2+. The energy transfer efficiency (nT) of the sensitizer 

→ activator gradually increases with increasing activator 

content. 

The effects of energy transfer from the sensitizer to the 

activator caused by rare-earth ions were considered for 

NaSrBO3:RE (RE = Ce3+, Tb3+, Mn2+) in [65]. It was found 

that Ce3+ ion can be used as a sensitizer transferring its 

energy through resonance to Tb3+ or Mn2+ activators. 

Energy transfer from the sensitizer to the activator 

promotes emission of adjustable color; white light emission 

can be obtained by mixing tricolor (RGB) light sources with 

suitable component ratios. 

Figure 9 shows the compositions and CIE chromaticity 

coordinates calculated from the emission spectra of the 

studied phosphors. The insets show these devices at a 

forward bias current of 20 mA. The authors compared the 

photoluminescence of phosphors NaSrBO3:RE (RE = Ce3+, 

Tb3+, Mn2+) with the data obtained for NaCaBO3:RE (RE = 

Ce3+, Tb3+, Mn2+) [64]. It was shown that the maximum PL 

emission intensity of NaSrBO3:Ce3+ phosphorus is slightly 

higher than 30% of that of NaCaBO3:Ce3+ and the true 

colors of NaSrBO3:Ce3+ (blue) and NaCaBO3:Ce3+ (indigo). It 

was found that NaSrBO3: Ce is more suitable for use in a 

commercial device based on a UV chip, since it has greater 

thermal stability. The activation energy of NaSrBO3:Ce is 

(Ea) ∼0.35 eV, while that of NaCaBO3:Ce is (Ea) ∼0.26 eV. 

Defects in the crystal lattice of luminescent materials 

(surface defects, atomic vacancies, electrical defects) also 

lead to low values of internal quantum efficiency. Due to 

the reduction of surface defects, the distance between the 

luminescent centers and the extinguishing centers will 

increase, blocking the non-radiative energy transfer 

channel to the extinguishing centers.  
The quantum efficiency significantly depends on the 

crystallinity of the substance, the size and morphology of 

the particles. The concentration of surface defects differs 

significantly for nanoparticles compared to their bulk 

counterparts. Surface modification is important for 

nanoparticles because of their extremely large surface area 

[98]. Thus, approaches that contribute to the enhancement 

of internal quantum efficiency should be aimed at reducing 

the formation of such defects. Table 6 presents for 

comparison the values of internal (IQE), absolute (QE) and 

external quantum efficiency (EQE) for doped MMeBO3 and 

previously studied materials excited by near UV light. 

 
Figure 8 Emission spectra of NaCaBO3:Ce3+,yMn2+ with different 

Mn2+ content at λex = 347 nm [64]. 

 
Figure 9 CIE chromaticity coordinates for (a) NaSr0.99BO3:0.01Ce3+; 

(b) NaSr0.92BO3:0.01Ce3+, 0.07Tb3+; (c) NaSr0.89BO3:0.01Ce3+, 

0.07Tb3+, 0.03Mn2+ phosphors [65]. 
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The comparison showed that the values of this 

parameter for the described borates are not the lowest and 

can be improved under certain conditions. According to 

[83], the quantum yield can be improved by optimizing the 

processing conditions and phosphorus composition by 

controlling particle sizes, size distribution, morphology, 

and crystal defects. 

Control over particle size and morphology, their 

regulation by optimization of synthesis methods to change 

quantum efficiency is reported in [83, 90, 92]. QE can be 

further increased by soft chemistry methods such as co-

precipitation, sol-gel, and hydrothermal [62]. 

Table 6 Comparison of quantum efficiencies of doped MMeBO3 bo-

rates with quantum efficiencies of other typical phosphors. 

Material 
λexc. 

(nm) 

IQЕ 

(%) 

QЕ 

(%) 

EQЕ 

(%) 
Ref. 

LiMgBO3:0.04Mn2+  427 34 – – 37 

α-LiZnBO3:0.07Mn2+  431 44 – 32 38 

KMgBO3:0.09 Mn2+ 438 – 52 – 28 

LiGd9(SiO4)6O2:Mn2+  312 71 – – 82 

ZnGeN2:Mn2+ 343 – 23 – 78 

NaCaBO3:0.01Ce3+, 

0.03Mn2+ 
360 – 33 – 44 

Mg2Y2Al2Si2O12:0.07Ce3+

0.03Mn2+ 
470 83 - – 83 

Ca11(SiO4)4(BO3)2:0.01C
e3, 0.03Mn2+ 

338 - 10 – 84 

Li2Ca4Si4O13:0.04Ce3+, 

0.04Mn2+ 
365 49 –  85 

Li2Ca4Si4O13:0.04Ce3+, 

0.24Mn2+ 
365 13 –  85 

CaTiSiO5:0.06Ce3+, 

0.08Mn2+ 320 – 52 – 86 

BaMgSi4O10:0.04Eu2+, 
0.04Mn2+ 

310 69 – 48 87 

Ba3Y(BO3)3:0.20 Eu3+, 

0.01Bi3+ 
393 – 35 – 88 

Ba9YSi6O24:0.02Eu3+, 

0.024Bi3+ 
337 58 –  89 

NaSrBO3:0.01Ce3+, 
0.07Tb3+ 

365 71 77 55 65 

NaSrBO3:0.01Ce3+, 

0.03Mn2 
365 50 69 34 65 

NaSrBO3:0.01Ce3+, 

0.07Tb3+, 0.03Mn2+   
365 63 73 46 65 

NaCaBO3:0.01Ce3+ 347 – 75 – 64 

NaCaBO3:0.01Ce3+,  
0.05 Tb3+, 0.03Mn2+  

347 – 36 – 64 

Ca3Al2O6:Ce3+, Tb3+, 

Mn2+ 
305  14  90 

Ca9La(PO4)7:0.15Ce3+, 

0.10Tb3+, 0.04Mn2+ 
290 85 – 69 92 

Ca3Y(AlO)3(BO3)4:0.05C

e3+, 0.20Tb3+, 0.02Mn2+ 
350 54 – – 93 

Ca3Gd(AlO)3(BO3)4:0.05

Ce3+, 0.20Tb3+, 

0.02Мn2+ 

350 43 –  93 

Ca11(SiO4)4(BO3)2:0.01C

e3+, 0.03Tb3+, 0.05Mn2+ 
338 – 13 – 84 

 

7. White LEDs based on MMeBO3 borates 

To assess the potential application of the synthesized 

borates, the authors of a number of studies fabricated 

devices close to white LEDs by combining the required 

phosphorus and a chip with a near-UV wavelength (λ = 365–

370 nm). 

The data from some devices showing color rendering 

indices (Ra), correlated temperature (CCT), chromaticity 

coordinates (CIE), and maximum luminance (LE) are shown 

in Table 7. 

According to Zhang et al. [64], the CIE chromaticity 

coordinates of NaCaBO3:Ce3+,Tb3+,Mn2+ phosphors can be 

tuned from blue (0.161, 0.107) to red (0.605, 0.395) by 

controlling the Mn2+ content. The color of the same 

phosphors can be changed from violet to white and then 

yellow in the visible region of the spectrum by changing the 

concentration of Tb3+. 

Table 7 shows the optimal phosphor composition 

(NaCaBO3:Ce3+, Tb3+, Mn2+– NCB:0.01Ce3+, 0.05Tb3+,  

0.03Mn2+) giving white light with CIE (0.344, 0.313) and its 

corresponding correlated color temperature. 

The white emission of the sample of the specified 

composition has a lower color temperature and is closer to 

the ideal white light (0.333, 0.333) compared to the 

phosphors listed there: CYGB: 0.01Ce3+, 0.07Tb3+, 

0.03Mn2+, CSB:0.01Ce3+, 0.03Tb3+, 0.05Mn2+, 

BMP:0.03Ce3+, 0.03Tb3+, 0.05Mn2+, SYPSO:0.05Ce3+,  

0.25Tb3+, 0.25Mn2+. 

Figure 10 shows the electroluminescence spectrum of 

another device made on the basis of NaCa0.96BO3:Ce3+,Mn2+ 

[44]. The spectrum clearly shows a blue emission band 

centered at 400 nm, belonging to the 5d1 –4f1- transition of 

Ce3+ ions and an orange band centered at about 600 nm, 

which corresponds to the 4T1(4G) – 6A1(6S) transition of 

Mn2+ ions. 

It can be seen from Table 6 that the WLED device shows 

lower color temperature and high color rendering index, 

not inferior to the NCB described above: 0.01Ce3+, 0.05Tb3+, 

0.03Mn2+. In addition, the borate NaCa0.96BO3:0.01Ce3+, 

0.03Mn2+ exhibits a quantum yield of 33% and a luminous 

efficacy of 6.2 lm/W when excited at 360 nm. 

8. Conclusion 

Previous lighting technologies have been replaced by a new 

generation of light sources - white light-emitting diodes 

(WLEDs). These are reliable in use, environmentally 

friendly, and stable during long-term use. They are 

characterized by efficient light output and low energy 

consumption. Phosphors based on rare earth elements 

(REE) are currently used in lighting technology.  
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Table 7 Photoelectric characteristics of NaMeBO3-doped (Me = Ca, Sr) devices and some typical white -LED devices. 

Material Device 
Current 

(mA) 
Ra 

CCT 
(K) 

CIE (x, y) 
LE 

(Im/W) 
Ref. 

NaCa0.96BO3:Ce3+, Mn2+ 
LED chip (370 nm), 

NCB:0.01Ce3+, 0.03Mn2+ 
60 91 4046 

(0.326, 

0.274) 
6 44 

NaCaBO3:Ce3+, Tb3+, Mn2+ 

LED nU- chip 

(370 nm), NCB: 0.01Ce3+, 

0.05Tb3+, 0.03Mn2+ 

  4898 
(0.344, 

0.313) 
 64 

NaSr 0.89BO3:Ce3+, Tb3+, Mn2+ 
InGaN (365 nm) 

*NSB:0.01Ce3+, 0.07Tb3+, 0.03Mn2+ 
10 76 8814 

(0.2895, 
0.2942) 

70 65 

NaSr 0.89BO3:Ce3+, Tb3+, Mn2+ 
InGaN (365 nm) 

NSB:0.01Ce3+, 0.07Tb3+, 0.03Mn2+ 
20 76 9072 

(0.2867, 

0.2944) 
70 65 

NaSr 0.89BO3:Ce3+, Tb3+, Mn2+ 

InGaN (365 nm) 

NSB:0.013Ce3+, 0.073Tb3+, 

0.032Mn2+ 
20   

(0.2810, 

0.2505) 
70 65 

NaSr0.89BO3:Ce3+, Tb3+, Mn2+ 
InGaN (365 nm) 

NSB:0.01Ce3+, 0.07Tb3+, 0.03Mn2+ 
30 75 102 

 

 70 65 

NaSr 0.89BO3:Ce3+, Tb3+, Mn2+ 

InGaN (365 nm) 

NSB:0.01Ce3+, 0.07Tb3+, 0.03Mn2+ 

 

60 73   70 65 

BaMg2(PO4)2:Ce3+, Tb3+, Mn2+ LED chip (365 nm), 
BMP:0.03Ce3+, 0.03Tb3+,0.05 Mn2+

 
– 77 6217 

(0.312, 
0.313) 

– 94 

Ca3Y(GaO)3(BO3)4: Ce3+, Tb3+, 

Mn2+ 

LED chip (365 nm), 

CYGB:0.01Ce3+,0.07Tb3+, 0.03Mn2+ 
350 – 6524 

(0.31, 

0.33) 
– 95 

Ca11(SiO4)(BO3)2: 

Ce3+,Tb3+,Mn2+ 

LED chip (365 nm), 

CSB:0.01Ce3+, 0.03Tb3+, 0.05Mn2+ 
– 92 – 

(0.303, 

0.309) 
– 84 

Sr3.5Y6.5O2(PO4)1.5 

(SiO4)4.5:Ce3+,Tb3+, Mn2+ 

LED nU-chip (370 nm), 
SYPSO:0.05Ce3+,0.25Tb3+, 

0.25Mn2+ 

25 90 6189 
(0.320, 

0.318) 
8 96 

*NSB:0.01Ce3+,0.07Tb3+,0.03Mn2+ (*NSB – Material NaSr0.89BO3:Ce3+,Tb3+,Mn2+). 

 
Figure 10 Electroluminescence spectrum of a device based on 
NaCa0.96BO3:0.01Ce3+,0.03Mn2+, controlled by a current of 60 mA 

[44]. 

Despite the high characteristics of these phosphors, there is 

a constant search for new materials due to difficulties in 

isolating and processing rare earths, as well as their high 

cost. An alternative to replacing them as activators is 

transition metals, in particular Mn2+ ions and heavy metals 

such as Bi3+, Pb2+. Co-doping these ions with rare earth 

elements (REEs) such as Ce3+, Eu3+ and Eu2+ is also possible. 

These coactivators have a higher absorption coefficient for 

4f-to-4f transitions than other lanthanides. The excited 

states of Mn2+, which coincide with the energies of Eu2+ and 

Ce3+, facilitate efficient energy transfer from the co-doped 

REEs (sensitizers) to the Mn2+(activators). Their co-doping 

with Mn2+ and Bi3+ ions enhances the emission intensity 

and allows rich color tuning. When the inorganic matrix 

ММеВО3 is co-doped with Ce3+ and Mn2+ ions, white light 

can be obtained due to efficient resonance-type energy 

transfer. Matrices of borate luminophores MMeBO3, 

containing alkali and alkaline earth metals, as well as zinc, 

are prepared by a traditional solid-phase method. Oxides, 

carbonates of the corresponding metals and boric acid are 

used as initial components. Annealing is carried out in a 

reducing atmosphere to avoid possible oxidation of ions 

with variable valence at elevated temperatures. The crystal 

structures of doped borates are frameworks formed by 

polyhedra of large metals bonded together by common 

edges and vertices. Boron-oxygen triangles isolated from 

each other occupy the voids of this framework. 

Alloying additives introduced into the crystal structure 

lead to its distortion. However, deformations of structures 

do not lead to its radical restructuring. 

Temperature-dependent emission of phosphors Li0.94 

M0.06MgBO3:0.04Mn2+, M = Li, Na, K; NaCa0.96BO3:0.01Ce3+, 

0.03Mn2+ excited by UV indicates excellent thermal 

stability of the materials. Due to the NaMgBO3:0.01Ce3+, 

0.06Mn2+ relatively high temperature resolution of 0.01 K, 

the phosphor can find application in optical thermometry. 

Doped with Mn2+ ions, the phosphors LiMgBO3, α-

LiZnBO3, NaCaBO3 and KMgBO3, revealed the presence of 

emission bands in the red region of the spectrum. The 

values of CIE chromaticity coordinates of α-LiZnBO3 and 

KMgBO3 almost coincide with the CIE values of ideal red 

light (0.66, 0.33). Near-UV excited phosphors with color 

tuning and high quantum efficiency values are in demand 

for use in full-color displays. The borate materials under 
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consideration meet these requirements since they show not 

the lowest quantum efficiency values compared to other 

inorganic materials. In some cases, for example, for 

NaSrBO3:0.01 Ce3+,0.07Tb3+ and KMgBO3:0.09Mn2+ these 

parameters are even higher than the average values (see 

Table 6) 

Considering the dependence of quantum efficiency on 

the degree of crystallinity, morphology and particle size, it 

is possible to correct this parameter by selecting and 

optimizing the required method of synthesizing phosphors. 

Prefabrication of devices based on activated borates 

NaCa0.96BO3:Ce3+, Mn2+ [44], NCB:0.01Ce3+, 

0.05Tb3+,0.03Mn2+ [64], NaSr0.89BO3:Ce3+, Tb3+, Mn2+ [65] 

can give light close to white. The best value of CIE color 

coordinates (0.344, 0.313) and its corresponding correlated 

color temperature of 4898 K was demonstrated by the 

sample LED nU- chip (370 nm), NCB:0.01Ce3+, 0.05Tb3+, 

0.03Mn2+ [64]. 

Co-doping with rare-earth metal ions as sensitizers, 

using pairs of activators Ce3+/Mn2+, Eu2+, Mn2+, Eu3+/Bi3+,  

Ce3+- Tb3+- Mn2+ allows to significantly increase the 

luminescence efficiency, as well as to tune the emission 

color in a wide range from blue to orange due to the energy 

transfer from the sensitizer to the activator by changing 

their concentration. 

Thus, the analysis of the literature showed that borates 

of the general composition MMeBO3 (M = Li, Na, K;  

Me = Mg, Ca, Sr, Ba, Zn), doped with Mn2+, Bi3+ and co-

doped with Ce3+, Eu2+, Eu3+ can be considered as very 

promising luminescent materials. They can find application 

as phosphors for near-UV and UV light-emitting diodes and 

field-emission displays. 

At the same time, despite numerous studies and prom-

ising applications of the studied phosphors, many questions 

remain unresolvedж in particular, it can be noted that the 

quantum efficiency is not sufficiently high and the corre-

lated temperatures of some materials are relatively high. 

Therefore, further systematic research and development is 

required in this area. 
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