
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/crystengcomm

CrystEngComm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a.
 College of Physics Science & Technology, Hebei Key Lab of Optic-Electronic 

Information and Materials, Hebei University, Baoding 071002, China  

+li_panlai@126.com; wangzj1998@126.com 
† Footnotes rela3ng to the 3tle and/or authors should appear here.  
Electronic Supplementary Information (ESI) available: [details of any 
supplementary information available should be included here]. See 
DOI: 10.1039/x0xx00000x 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Synthesis, color tunable emission, thermal stability, luminescence 

and energy transfer of Sm
3+

 and Eu
3+ 

single-doped M3Tb(BO3)3 (M 

= Sr and Ba) phosphors 

Miaomiao Tian, Panlai Li*, Zhijun Wang*, Xiaoyun Teng, Zhenling Li, Jinge Cheng, Yuansheng Sun, 
Chao Wang, Zhiping Yang 

A series of  new tunable emission phosphors of Sm3+ and Eu3+ single-doped M3Tb(BO3)3 (M = Sr and Ba) phosphors were 

synthesized by the solid-state reaction. Crystallization behavior and structure, reflectance spectral properties, 

luminescence properties, energy transfer, lifetimes, temperature dependent luminescence properties and CIE chromaticity 

coordinate of M3Tb(BO3)3:Ln3+ (M = Sr and Ba, Ln = Sm and Eu) were systematically investigated. M3Tb(BO3)3 (M = Sr and 

Ba) crystallizes in a rhombohedral cell with space group R-3 by Rietveld structure refinement of the obtained phosphors 

with the standard data of Ba3Dy(BO3)3. Sr3Tb(BO3)3 and Ba3Tb(BO3)3 emit yellowish-green emission with the main peak 

around 555 nm and 550 nm, respectively, which originates from 5D4 → 7F4 transition of Tb3+, and M3Tb(BO3)3: Ln3+（Ln = 

Sm and Eu) phosphors show intense yellowish-green, yellow, orange and red emission with increasing Ln3+ concentration 

under 274 nm and 286nm excitation. The orange-red/red emissions peaked at 613nm (Sr3Tb(BO3)3:Sm3+, 627nm 

(Sr3Tb(BO3)3:Eu3+), 607nm (Ba3Tb(BO3)3:Sm3+) and 625nm (Ba3Tb(BO3)3:Eu3+) are contributed to the efficiently energy 

transfer Tb3+-Sm3+ and Tb3+-Eu3+.The temperature dependent luminescence properties of M3Tb(BO3)3:Ln3+ have good 

thermal stabilities up to 150 °C, up to 72.8%. However, due to the defect in the host of Sr3Tb0.99(BO3)3:0.01Sm3+ phosphor, 

an amazing and interesting phenomenon can be observed that the emission intensity enhanced constantly with the 

increasing of temperature.

1. Introduction  

Phosphor-converted white-light-emitting diodes (LEDs) are 
dominant candidates for replacing traditional light sources, 
due to the higher efficiency of energy conversion.1-5 The color 
rending index (CRI) of commercial write LEDs using a blue LED 
chip and a yellow light-emitting phosphor are very poor, owing 
to the color insufficient in the red region.6 An alternative 
approach involves the   manufacture of ultraviolet (UV) LED 
chips by blending red-, green-, and blue-emitting phosphors to 
assemble white LEDs.7 It is well known that the most effective 
excitation wavelength is 400 nm of InGaN LEDs.8 However, LED 
emitting UV light ranging from 200 to 350 nm is commercially 
available despite of the poor external quantum efficiency. Thus 
it is significant to develop novel phosphors that can be excited 
efficiently under UV irradiation around 300 nm particularly 
red-emitting phosphors. So we focus on synthesizing 
M3Tb(BO3)3:Ln3+（Ln = Sm and Eu) under UV excitation from 
220 to 350 nm, because it is found to be a novel efficiently 
orange-red emitting phosphor for UV-based LEDs. Rare earth 

borate matrix fluorescence powder is widely used which has 
many advantages, such as excellent product performance, low 
cost and easily made single doped double fluorescent powder. 
Consequently, in order to improve luminescence properties, 
the rare earth ions doping in borate was being widely studied 
and had broad prospects for development. Therefore, the Eu3+ 
and Sm3+ doped a single host lattice is a necessary research. 
Tb3+ performing as a yellowish-green emitter and at the same 
time as an efficient sensitizer to enhance the Sm3+ and Eu3+ 
red-emission would facilitate luminescence rendering and high 
quality color tunability light emission in co-doped with Sm3+ 

and Eu3+ of M3Tb(BO3)3 (M = Sr and Ba). M3Tb(BO3)3 (M = Sr 
and Ba) is an ideal host compound for this purpose, because 
the intense emission of M3Tb(BO3)3 (M = Sr and Ba) of Tb3+ 
with a maximum at 555 nm meets well the above criterion. To 
fully understand the combined impacts of the doping 
concentration, and the energy transfer (ET) of Tb3+-Sm3+ and 
Tb3+-Eu3+ on luminescence of M3Tb(BO3)3:Ln3+ (M = Sr and Ba) 
were systematically investigated in the present work. 
Accordingly, tunable multicolor emission from yellowish-green 
to red in M3Tb(BO3)3:Ln3+ (M = Sr and Ba, Ln = Eu and Sm) 
phosphors can be realized upon UV excitation (274nm and 
286nm) by using the allowed Tb3+ absorption transitions to 
sensitize Sm3+ and Eu3+ emission via ET of Tb3+ - Sm3+ and Tb3+ - 
Eu3+. This investigation is a unique example of narrow line 
emitting phosphors under broad-band UV excitation allowing 
color tunability by controlled energy transfer. 
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2. Experimental 

2.1. Sample preparation 
Samples of M3Tb (BO3)3:Ln3+ (M = Sr and Ba) were prepared by 
the conventional high temperature solid state reaction. The 
starting materials BaCO3 (99.9%), SrCO3 (99.9%), Tb4O7 
(99.99%)), H3BO3 (99.9%), Sm2O3 (99.99%) and Eu2O3 (99.99%) 
were mixed stoichiometrically with an excess of 5 mol % of 
H3BO3 as a flux. The above material stoichiometric ratio was 
measured by stoichiometric ratio, then it grinding for 20 
minutes in the agate mortar, and evenly placed on a corundum 
crucible. The mixture was fired for 2 h at 850℃ in air. Remove 
the sample after cooling, after the uniform lapping in agate 
mortar, then reground and fired at 1200°C for 5 h with speed 
of 3°C per minute. It was cooled to room temperature and 
crushed to fine powder. The chemical reaction formula is as 
follows: 9 
3MCO3 +3H3BO3 +1/4Tb4O7 → M3Tb(BO3)3 (M = Sr and Ba) 
3MCO3 + 3H3BO3 + (1-x) /4Tb4O7 + x/2Sm2O3 → M3Tb1-x(BO3)3: 
xSm3+ (x = 0.001-0.1) 
3MCO3 + 3H3BO3 + (1-y) /4Tb4O7 + y/2Eu2O3 → M3Tb1-y(BO3)3: 
yEu3+ (y = 0.001-0.1) 

2.2. Materials Characterization 
To analyze the phase structures of the as-prepared samples by 
the X-ray diffraction (XRD), which were carefully performed on 
D8-A25. Focus diffractometer (Bruker) measuring at 40KV and 
40mA and recording the patterns in the range, 2θ = 10 ° to 
80 °with scan rate of 0.05 °/s and step size of 0.01º. 
Measurements of excitation and emission spectra were 
recorded with a HITACHI F-4600 fluorescence 
spectrophotometer by a 450w Xe lamp as the excitation 
source, scanning at 240 nm/min and scanning wavelength 
from 200 to 700 nm. The temperature-dependent 
luminescence properties were measured on the same 
spectrophotometer which was assembled with a computer-
controlled electric furnace and a self-made heating 
attachment. Luminescence decay curves of samples were 
measured by a Horiba FL-4600 fluorescence 
spectrophotometer using a LED as the excitation source. The 
diffuse reflection spectra were measured by a Hitachi U4100 
UV-VIS-NIR Spectroscopy, with scanning wavelength from 200 
to 700 nm. In addition, scanning electron micrograph (SEM) 
images were obtained using a Nova Nano SEM 650 LA and the 
fluorescent images of the paper were photographed with SLR 
camera of Canon in a dark environment.  

3. Results and discussions 

3.1. Crystallization behavior and structure 
Figure 1 shows the representative XRD patterns of M3Tb(BO3)3 
(M= Sr, Ba), Ba3Lm(BO3)3 (Lm = Tb, Dy) and M3Tb (BO3)3 (M= Sr 
and Ba): Ln3+ (Ln = Sm and Eu). It is obvious that all the 
diffraction peaks of these samples can be testified to the pure 
structure with JCPDS card no. 50-0098, which indicates that 
the obtained samples are single phase and the introduced 
Sm3+, Eu3+ can not cause any significant changes of host 
structure. The cell parameters of the M3Tb(BO3)3 (M=Sr, Ba) 
and Ba3Lm(BO3)3 ( Lm = Tb, Dy) are listed in Table 1. However, 
there is a small shift to low diffraction degrees between 
Ba3Tb(BO3)3 and Ba3Dy(BO3)3, which is owing to the differences 
of ionic radius between Tb3+ and Dy3+ (rTb

3+ ˃ rDy
3+) in Figure 

1a.11-12 Based on the Prague equation : 2 d sinθ = n λ.13 The 
ionic radii of Tb3+ (0.0923 Å, CN= 6) are similar to Dy3+ (0.0912Å, 
CN= 6).14 Therefore, on the basis of charge and effective ionic 
radii of cations with different coordination numbers, it can be 
expected that the Tb3+ would occupy similar lattice sites to 
Dy3+ distributing in the host structure. Table 1 displays the plot 
of unit cell parameters versus the radius of the Ba3Tb(BO3)3 
(BTBO) and Ba3Dy(BO3)3 (BDBO),  the expected trend of 
decreasing unit-cell volume with decreasing ionic radius is 
observed, which indicates the “lanthanide contraction” takes 
effect. These results indicate that Ba3Tb(BO3)3 and Ba3Dy(BO3)3 
have similar crystal structures and XRD patterns. Meanwhile, 
there is a small shift to high diffraction degrees between 
Sr3Tb(BO3)3 (STBO) and Ba3Tb(BO3)3 (BTBO), which is owing to 
the difference of ionic radius between Sr2+ and Ba2+ (rSr

2+ < 
rBa

2+). With the Sr2+ constant substitution of Ba2+, Ba3Tb(BO3)3 
gradually becomes Sr3Tb(BO3)3。 
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Figure 1 XRD patterns of M3Tb(BO3)3 (M = Sr and Ba) and Ba3Dy(BO3)3 with the 

standard data of Ba3Dy(BO3)3 (JCPDS) No. 50-0098 (a), Sr3Tb(BO3)3 : Ln3+ (Ln = 

Sm and Eu) with the data of Sr3Tb(BO3)3 (b), and Ba3Tb(BO3)3 : Ln3+ (Ln = Sm 

and Eu) with the data of Ba3Tb(BO3)3 (c). 
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Table 1 Refinement Results of M3Tb (BO3)3 (M=Sr,Ba) and 

Ba3Lm(BO3)3 ( Lm = Tb, Dy) 

 
 Sr3Tb(BO3)3 Ba3Tb(BO3)3 Ba3Dy(BO3)3 

Rwp(%) 6.84 9.58 5.83 

Rp(%) 5.18 6.86 4.10 

Χ2 3.812 3.365 1.510 

Space group R-3H R-3H R-3H 

Lattice parameter (Å) 

a 12.522990 13.027461 13.041(3) 

b 12.522990 13.027461 13.041(3) 

c 9.253885 9.544923 9.523(2) 

Cell params 

α 90° 90° 90° 

β 90° 90° 90° 

γ 120° 120° 120° 

Cell Volume (Å)3 1256.813 1402.887 1402.580 

Z 6 6 6 

 
The Sr-O distance is shorter than the Ba-O distance, leading to 
smaller lattice constants and stronger crystal field. According 
to Bragg’s law,13 

2d sinθ = n λ       (1) 
where d is the distance between parallel lattice planes, θ is the 
diffraction angle (Bragg angle), n is the order of reflection 
(integer), and λ is the wavelength of X-rays. When Sr2+ was 
completely replaced by Ba2+, the main peak appear right-
shifted to a higher angle. It can be expected that the Sr2+ 
would occupy similar lattice sites Ba2+ distributing in the host 
structure in Figure 1a. These results indicate that Sr3Tb(BO3)3, 
Ba3Tb(BO3)3 and Ba3Dy(BO3)3 have similar crystal structures 
and XRD patterns, and Sr3Tb(BO3)3 and Ba3Tb(BO3)3 have the 
similar type structure to Ba3Dy(BO3)3 with no inversion 
symmetry.10 Figure 1b and Figure 1c show the representative 
XRD patterns of M3Tb(BO3)3:Ln3+ (M = Sr and Ba, Ln = Sm3+ and 
Eu3+). It is obvious that all the diffraction peaks of these 
samples can be assigned to the pure structure with M3Tb(BO3)3 
(M = Sr, Ba), which indicates that the doped Sm3+ and Eu3+ can 
not cause any significant changes of host structure. However, 
there is a small shift to low diffraction degrees, which is due to 
the differences of ionic radius between Tb3+ and other rare 
earth ions (rSm

3+ ˃ rEu
3+ ˃ r Tb

3+).11,12 Based on equation (1), The 
ionic radii of Sm3+ (0.0958 Å, CN = 6) and Eu3+ (0.0947Å, CN = 6) 
are similar to Tb3+ (0.0923Å, CN = 6) respectively.14 Therefore, 
on the basis of charge and effective ionic radii of cations with 
different coordination numbers, it can be expected that the 

doped Ln3+ would occupy similar lattice sites to Tb3+ 
distributing in the host structure. These results indicate that 
Ln3+ are undoubtedly doped into the M3Tb(BO3)3 (M= Sr, Ba) 
crystal lattice. 
The phase of as-prepared phosphor of M3Tb(BO3)3 (M = Sr, Ba) 
were determined by Rietveld refinement.15 The experimental 
and calculated diffraction XRD profiles for the M3Tb(BO3)3 (M = 
Sr, Ba) are illustrated in Figure 2. The crystallo graphic data of 
Ba3Dy(BO3)3 (ICSD-39740) is used as the model. Ba3Dy(BO3)3 

belongs to the R-3H symmetry and determines the same 
structure as M3Tb(BO3)3 (M= Sr and Ba).16-18 This calculated 
refinement using the Rietveld method evidences an excess of 
electron density due to the presence of heavier terbium on 
sites Sr1 (Ba1). However, Sr2 (Ba2) seems to be all- strontium 
(barium) , Tb2 seems to be all-terbium, oxygen atoms of the 
BO3

3– anion in the structure are disordered over two positions 
with populations of 0.61 and 0.39, the boron atom takes a 
single position as shown in table 2.19 It is observed that 
experimental data is uniformity with calculating data and the 
results are shown in Figure 2, Table 1 and Table 2. 
Consequently, the synthesized phosphors belong to trigonal 
system, and Space group is R-3H with Z= 6, and the refined 
unit cell parameters are a = 12.522990 Å, c = 9.253885 Å and V 
= 1256.813 Å3 of Sr3Tb(BO3)3 and a = 13.027461 Å, c = 
9.544923 Å, and V = 1402.887 Å3 of Ba3Tb(BO3)3, which match 
well with those reported in the literature.19 Therefore, 
structure parameters for M3Tb(BO3)3 (M = Sr and Ba) as 
determined by Rietveld refinement of powder XRD data are 
identical with its real situation. 

 
 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

 
In order to further know the crystal structure and substitution 
of ions in M3Tb(BO3)3 (M = Sr, Ba) host, Figure 3a shows the 
crystal structure of Sr3Tb(BO3)3 and the coordination 
environment of cations (Tb2, Ba1/Tb1, and Ba2) and a 
schematic luminescence process from activator ions (A = Sm3+/ 
Eu3+) in a host crystal. The versatile Sr3Tb(BO3)3 structure with 
its rigid open framework offers two types of sites for various 
cations to occupy, type one with trivalent Tb sites in TbO6 

polyhedra and type two with two different divalent Sr sites, 
and the coordination numbers of Sr1/Tb1, Sr2 and Tb2 atoms 
are 15, 12, 6 respectively. In this structure, the existence of 
different types of sites is proved to be available for the cations 
with different charge to occupy. It is found that the Sr1 (Tb1) 
atoms are coordinated forming Sr1 (Tb1) O15 groups with 
sharing edges on two O atoms with B atoms, and the B atoms 
are coordinated forming BO6 groups, and they share edges or  
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Figure 2 Rietveld analysis patterns for X-ray powder diffraction data of (a) 

Sr3Tb(BO3)3 and (b) Ba3Tb(BO3)3 compound. Solid red lines are calculated 

intensities, and crosses are the observed intensities. Short vertical lines show 

the position of Bragg reflections of the calculated pattern. Blue solid lines 

below the profiles stand for the difference between the observed and the 

calculated intensities. 
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Table 2 Refinement results, crystal structure data and SOF for M3Tb(BO3)3 (M=Sr and Ba) 

 
 Atom Site x y z SOF 

Sr3Tb(BO3)3 

(STBO) 

Sr1/Tb1 18f 0.377232 0.259128 0.476901 0.8334/0.1666 

Tb2 3a 0.000000 0.000000 0.000000 1 

Sr2 3b 0.000000 0.000000 0.500000 1 

B1 18f 0.183606 0.179480 -0.142208 1 

O1 18f 0.122879 0.195924 -0.099190 0.61(2) 

O2 18f 0.268577 0.240435 -0.229906 0.61(2) 

O3 18f 0.065252 0.174754 -0.296541 0.61(2) 

O4 18f 0.035042 -0.009426 -0.083234 0.39(2) 

O5 18f 0.060749 0.198901 -0.353457 0.39(2) 

O6 18f 0.264681 0.250777 -0.312688 0.39(2) 

Ba3Tb(BO3)3 

(BTBO) 

Ba1/Tb1 18f 0.364972 0.243348 0.475302 0.8334/0.1666 

Tb2 3a 0.000000 0.000000 0.000000 1 

Ba2 3b 0.000000 0.000000 0.500000 1 

B1 18f 0.143725 0.185582 -0.355308 1 

O1 18f 0.058935 0.151424 -0.114298 0.61(2) 

O2 18f 0.234984 0.229132 -0.270591 0.61(2) 

O3 18f 0.023745 0.162812 -0.327985 0.61(2) 

O4 18f 0.147830 0.180855 -0.124129 0.39(2) 

O5 18f 0.130049 0.296155 -0.274508 0.39(2) 

O6 18f 0.358582 0.348971 -0.388491 0.39(2) 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

Figure 3 (a) Crystal structure of Sr3Tb(BO3)3 emphasizing the coordination environment of cations (Tb1, Tb2, Ba1, B and Ba2);  (b) the schematic explanation for 

the variation of the host lattice. 
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corners with Sr polyhedra to form a three-dimensional 
network as shown in Figure 3a and 3b. The borate group is 
regular with the average B-O distance 1.38(1) Å matching with 
the 1.378 Å deduced from crystal radii. The borate groups have 
the unique packing with the propeller pattern as seen in the 
Figure 3b. The most widely used activators are Sm3+ or Eu3+ ion, 
whose function in phosphors are to convert UV radiation to 
visible light as shown in Figure 3a. They also supply the 
possibility for doping RE ion, such as the coexistence of Tb3+, 
Sm3+ and Tb3+, Eu3+ in the open borate framework. In the 
present study, the ionic radii of Sr2+, Tb3+, Sm3+, and Eu3+ are 
1.49, 1.11, 1.25, and 1.15 Å, respectively. Therefore, it could 
offer the possible opportunity for Sm3+-Tb3+ and Eu3+-Tb3+ 
substitution due to the structure constraints when the 
Sr3Tb(BO3)3:Sm3+ (Eu3+) sample was prepared in the air. As 
shown in Table 2, Tb1 are distributed on individual Sr 
crystallographic sites, and some work on the explanation of 
the intrinsic mechanism is still in progress. A simple model to 
illustrate the spectra tuning mechanism of phosphors by 
controlling the doping level of Sm3+ or Eu3+ ion is shown in 
Figure 3b. Due to Sm3+ or Eu3+ ionic radii are bigger than that 
of host cation, the lattice expansion occur when doped Sm3+ or 
Eu3+ ion into the host lattice (Figure 3b). 
The Scanning Electron Microscope (SEM) photographs 
morphology for the representative phosphors Sr3Tb(BO3)3, 
Ba3Tb(BO3)3, Sr3Tb0.99(BO3)3:1%Sm3+ and Sr3Tb0.98(BO3)3:2%Eu3+ 
are shown in Figure 4. The narrow size distribution and regular 
shape of the phosphor particles are important in application. It 
has been certified that optimum phosphor characteristics will 
be achieved with particle sizes on the order of 10-30 µm and 
spherical shape.20 It is seen clearly that all of the samples are 
composed of aggregated grains with a uniform size distribution 
and an approximate sphere shape in these phosphors. Besides, 
the average particle size of our synthesized phosphors is about 
30 µm, which meets the requirement well with the phosphors 
in application. 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
3.2. Luminescence properties of M3Tb(BO3)3 (M=Sr 

and Ba) 
Figure 5 describes the emission and excitation spectra of 
M3Tb(BO3)3 (M = Sr and Ba). First, we study the emission and 

excitation spectra of Sr3Tb(BO3)3 in detail, as shown in Figure 
5a and Figure 5b. The f-f electronic transitions cause the 286 
nm excitation which displays a series of emission lines of Tb3+ 
ion with a main peak centered at 550 nm, which originates 
from the 5D4 → 7F5 transition of Tb3+.21 And the emission 
spectrum with a weak broad band from the 5D3 energy level is 
observed. The weak broad band ranging from 350 to 450 nm 
can be attributed to the occurrence of cross-relaxation with 
high concentration of Tb3+ ion. Monitored at 550 nm as shown 
in Figure 5b, the excitation spectrum of Sr3Tb(BO3)3 exhibits 
one obvious broad band from 220 to 320 nm with the main 
peak at 286nm, and some weak band from 350 to 400 nm. The 
broad band with maxima at 286 nm should correspond to the 
spin-forbidden (high-spin, HS) 4f8 −4f75d1 (7F6 → 9D) transition 
with lower energy (ΔS = 1) of Tb3+ ion.22,23 The other sharp lines 
in the long-wavelength regions can be assigned to the f−d 
transition of Tb3+ ion. And the remaining peaks are assigned to 
intra-4f8 transitions between the 7F6 and 5D2,3,4 levels.24

 The 
above similar phenomenon has also been found in the TbBO3 
host.22 The inset of Figure 5a is the image of Sr3Tb(BO3)3 under 
286 nm excitation, in which an intense yellowish-green light 
can be observed. 
Figure 5c presents the emission and excitation spectra of Ba3 

Tb(BO3)3. Monitored at 550 nm, the excitation spectrum of 
Ba3Tb(BO3)3 displays a broad band (at 268nm) ranging from 
220 to 320 nm, which is different from Sr3Tb(BO3)3, and some 
weak peaks ranging from 350nm to 400nm. The broad band 
with maxima at 268 nm (f–d) should correspond to a spin- 

allowed (low-spin, LS) 4f8 −4f75d1 (7F6 → 7D) transition higher 
energy (ΔS = 0) of Tb3+ ion. 22-23 The sharp lines in the long-
wavelength regions can be assigned to the f−f transi3on of 
Tb3+ ion. The emission spectrum presents the characteristic 
emission lines deriving from the 4f–4f transitions of Tb3+ ion in 
Ba3Tb(BO3)3. The inset of Figure 3c depicts the obvious 
yellowish-green light of Ba3Tb(BO3)3. 

3.3. Reflectance spectra properties 
The reflectance spectra of M3Tb(BO3)3 (M = Sr and Ba), 
Sr3Tb0.99(BO3)3:0.01Sm3+, Sr3Tb0.98(BO3)3:0.02Eu3+ are shown in 
Figure 6, which show the similar properties. The broad 
absorption bands of M3Tb(BO3)3 (M=Sr and Ba) ranging from 
200 to 300nm, due to the valence to conduction band 
transitions of the host in the UV region. Considering the same 
tendencies of M3Tb(BO3)3:yEu3+, M3Tb(BO3)3:xSm3+ (M = Sr and 
Ba) and M3Tb(BO3)3, the host absorption band of 
Sr3Tb(BO3)3:0.05Eu3+, Sr3Tb(BO3)3:0.05Sm3+ and M3Tb(BO3)3 
were calculated as the representative. The Kubelka-Munk 
absorption coefficient (K/S) relation is used to calculate the 
reflectance (R) for the host lattice: 

K / S = (1-R)2 / 2 R      (2) 
where K represents the absorption coefficient, S represents 
the scattering coefficient, and R represents the reflectivity.  
The inset of Figure 6 show the a plot of K/S  for the 

Ba3Tb(BO3)3,. Sr3Tb(BO3)3 and Sr3Tb(BO3)3:Ln3+ (Sm3+ and 

Eu3+). The fundamental band gap energy (absorption edge) of 
Sr3Tb(BO3)3 and Ba3Tb(BO3)3 host are calculated to be 
approximately 5.82eV (213 nm) and 5.63ev (220 nm) by the 
K/S relation spectra, whilst the Sm3+ and Eu3+ doped 
Sr3Tb(BO3)3 the band gap were are approximately 5.68ev (218 
nm) and 5.54ev (224 nm). Obvious change of the band gap 
takes place between the ion-doped samples and the host. As a 
consequence, the ion-doped samples have the less band gap, 

Figure 4 Typical SEM image of (a) Sr3Tb(BO3)3, (b) Ba3Tb(BO3)3, (c) 

Sr3Tb0.99(BO3)3:1% Sm3+ and (d) Sr3Tb0.98(BO3)3:2% Eu3+. 
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for the reason that the electron can more easily transfer from 
the valence band to the conduction band. 

3.4. Luminescence properties of Sm
3+

/Eu
3+ 

in 

M3Tb(BO3)3 (M = Sr and Ba). 
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Figure 7(a) shows the excitation spectra of Sm3+ and Eu3+ ion 
singly doped phosphors, respectively, as well as the emission 
spectrum of Sr3Tb(BO3)3. One can find that the spectral overlap 
between the emission spectrum of Sr3Tb(BO3)3 and the 
excitation spectrum of Sr3Tb(BO3)3:0.01Sm3+ and 
Sr3Tb(BO3)3:0.02Eu3+ are observed, which indicate that the 
energy transfer from the Tb3+ to Sm3+ and Tb3+ to Eu3+ ion may 
be expected in Sm3+/Eu3+ ion singly doped Sr3Tb(BO3)3. 
According to Dexter’s theory,25 the effective resonant energy 
transfer is expected to take place from Tb3+ to Sm3+ and Tb3+ to 
Eu3+ ion. In order to indentify the existence of the energy 
transfer from Tb3+ to Sm3+ and Tb3+ to Eu3+, the excitation 
spectrum of the Sm3+ and Eu3+ ion singly doped phosphors are 
monitored at 550, 613 and 627 nm, respectively. The 
excitation spectrum of Sm3+ is composed of seven bands 
peaking at 274, 287, 356，381，408，471 and 491 nm, 
respectively. The broad band at 274 nm is due to charge 
transfer state (CTS) of Sm3+, and other sharp peaks are due to 
the 4f–4f inner shell transitions of Sm3+. The excitation 
spectrum of Eu3+ consists of seven bands peaking at 274, 286, 
358, 380, 471 and 495 nm, respectively. The broad band at 274 
nm and other seven peaks are due to the CTS and the 4f–4f  
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transitions of Eu3+. The 356, 381 and 471 nm bands are 
associated with the transitions from the ground level 7F6 to

 5D2, 

Figure 5 Emission spectra of Sr3Tb(BO3)3（λex=286 nm）(a), excitation 

spectra of Sr3Tb(BO3)3 ( λem=550 nm) (b) and emission and excitation spectra 

of Ba3Tb(BO3)3（λex=268nm, λem=550 nm）(c). 

Figure 6 Diffuse reflection spectra of M3Tb(BO3)3 (M=Sr and Ba), 

Sr3Tb0.99(BO3)3:0.01Sm3+ and Sr3Tb0.98(BO3)3:0.02Eu3+ samples. The inset 

show the a plot of K/S for the Ba3Tb(BO3)3,. Sr3Tb(BO3)3 and 

Sr3Tb(BO3)3:Ln3+ (Sm3+ and Eu3+). 
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Figure7 (a) Emission spectra of Sr3Tb(BO3)3 (λex = 274 nm) and excitation 

spectra (λem = 613 nm) of Sr3Tb0.99(BO3)3:0.01Sm3+ and Sr3Tb0.98(BO3)3:0.02Eu3+ 

(λem = 627 nm), respectively. (b) Excitation spectra of Sr3Tb(BO3) (λem = 550 

nm), Sr3Tb(BO3): Sm3+ (λem = 617 nm) and Sr3Tb(BO3): Eu3+ (λem = 627 nm), 

respectively. 
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5D3 and 5D4 levels, respectively. In order to further confirmed 

above conclusion, Figure 7 (b) shows the comparison of 
excitation spectrum at 550 nm of Sr3Tb(BO3)3, 613 nm of 
Sr3Tb0.99(BO3)3:0.01Sm3+ and 627 nm of Sr3Tb0.98(BO3)3: 
0.02Eu3+, respectively. It can be assumed that the emission 
peaks in the excitation spectrum of Sr3Tb(BO3)3, 
Sr3Tb0.99(BO3)3:0.01Sm3+ and Sr3Tb0.98(BO3)3:0.02 Eu3+ are 
almost completely overlapped. In conclusion, the excitation 
peak of Tb3+ is also observed in the excitation spectrum 
(detected by the Sm3+ and Eu3+ emission), which demonstrates 
the phenomenon of energy transfer from Tb3+ to Sm3+ and Tb3+ 
to Eu3+ can occur. 
For Ba3Tb (BO3)3:Ln3+ (Ln = Sm3+ and Eu3+) phosphors, there are 
the similar measurement data as Sr3Tb0.99(BO3)3:0.01Sm3+ and 
Sr3Tb0.98(BO3)3:0.02Eu3+, as shown in Figure S1. The spectrum 
overlap between the emission spectrum of Ba3Tb(BO3)3 and 
the excitation spectrum of Ba3Tb0.99(BO3)3:0.01Sm3+ and 
Ba3Tb0.98(BO3)3:0.02Eu3+ is observed, so we guess in the Ba3Tb 
(BO3)3: Ln3+ (Ln = Sm3+ and Eu3+), there may be energy transfer 
from Tb3+ to Sm3+ and Tb3+ to Eu3+. 

3.5. Energy transfer of M3Tb1-x(BO3)3: xSm
3+

 (M = Sr 

and Ba) 
In order to further explain the energy transfer of 
M3Tb(BO3)3:xSm3+ phosphors, the singly doped Sm3+ ion with 
different relative concentrations into the Sr3Tb(BO3)3 was 
prepared. The emission spectra of the Sm3+ ion singly doped 
Sr3Tb(BO3)3 samples under the excitation of 274nm are shown 
in Figure 8(a), which show a yellowish-green emission of Tb3+ 
ion and a red emission of Sm3+ ion in the emission spectra of 
Sr3Tb(BO3)3:Sm3+. The reddish orange light of Sm3+ (Figure 8a) 
is composed of 613 and 657 nm emission bands, 
corresponding to the 4G5/2 → 6HJ (J= 7/2 and 5/2) transitions, 
respectively. The emission intensity at 613 nm is the highest 
than that of other emission peaks of Sm3+ ion. The inset of 
Figure 8(a) shows the varying tendency of intensity of Tb3+ and 
Sm3+ in Sr3Tb0.99(BO3)3:xSm3+ depending on Sm3+ concentration. 
The intensity of Sm3+ gradually increased while the intensity of 
Tb3+ reduced with the increasing Sm3+ concentration, because 
the energy transfer from Tb3+ to Sm3+ take place. However, it 
can be observed that the emission intensity of the Sm3+ ion 
first increases to a maximum at x = 0.01, then decreases 
sharply with enhanced doping content, which is due to the 
concentration quenching effect. In general, the concentration 
quenching is the energy migration among the activator ion at 
the high concentration in Figure 8(c). With the continuous 
doping of Sm3+, there is energy transduction from Sm3+ to Sm3+, 
except for energy transfer Tb3+ - Sm3+. Then Sm3+ ions have the 
same activated state in the host, and these energy states are 
closed enough and the energy transfer between states and 
quenching centers can occur with increasing of Sm3+ 
concentration. The energy becomes vibrational energy of the 
lattice which leads to the decrease of the luminous intensity.  
There are the same phenomena of Sr3Tb1-x(BO3)3:Sm3+ in Ba3Tb 
(BO3)3:Sm3+, as shown in Figure S2a. The intensity of Tb3+ 
reduced and that of the Sm3+ ion first increases with increasing 
doping concentration, reaches a maximum at x = 0.01, then 
decreases sharply with the increasing Sm3+ concentration. The 
phenomenon of concentration quenching was also appeared. 
Therefore, there is energy transfer from Tb3+ to Sm3+ in the 
Ba3Tb (BO3)3:Sm3+. 

3.6. Energy transfer mechanism of M3Tb1-y(BO3)3: 

yEu
3+

 (M=Sr and Ba) 
We synthesized singly doped Eu3+ ion with different relative 
concentrations into the M3Tb(BO3)3 host lattice, which used to 
prove energy transfer from Tb3+ to Eu3+. Figure 8(b) exhibits 
the emission spectrum of the Sr3Tb(BO3)3: yEu3+. It shows 
yellowish-green emission band of Tb3+ ion and a red emission 
band of Eu3+ ion at the irradiation of 274 nm. The red emission 
peaks of Eu3+ ion are composed of 599, 627, and 712 nm, 
which belong to the 5D0 → 7FJ (J=2, 3, 4) transitions, 
respectively, and the main emission is the 627 nm red peak.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It can be seen that the emission intensities at 556 nm of these 
series of phosphors decrease rapidly with increasing content of 
Eu3+ from 0.001 to 0.100 mol and the emission intensities at 
627 nm of these series of phosphors increased rapidly with 
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Figure 8 Emission spectra of Sm3+ (λex = 274 nm) (a) and Eu3+ (λex = 274 nm) 

(b), and the schematic diagram of concentration quenching process (c). 

Figure 9 Schematic energy level diagram showing the energy transfer among 

Tb3+ to Sm3+ and Tb3+ to Eu3+ in M3Tb(BO3)3:Ln3+ (M=Sr and Ba, Ln=Sm and Eu) 

phosphors. 
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increasing content of Eu3+ from 0.005 to 0.02 mol, and then 
declined dramatically with further increasing Eu3+ content, 
which indicates energy transfer from Tb3+ to Eu3+, as shown in 
the inset of Figure 8(b). It is believed that the concentration 
quenching of Eu3+ and efficient Tb3+- Eu3+ energy transfer can 
be used to explain the above Eu3+ doping concentration-
dependent luminescence behavior, as shown Figure 8(c). 
Moreover, the energy transfer process is shown in Figure 9. 
The phenomenon of emission spectrum in the Ba3Tb1-

y(BO3)3:yEu3+ was similar to Sr3Tb1-y(BO3)3:yEu3+, as shown in 
Figure S2b. Therefore, there is energy transfer from Tb3+ to 
Sm3+ in the Ba3Tb (BO3)3:yEu3+. At the same time, the 
phenomenon of concentration quenching was also appeared. 

To support the analysis above, Figure 10a gives the 
fluorescence decay curves of Tb3+ and Sm3+ by monitoring 
different wavelengths of 556 nm and 613 nm in Sr3Tb1-x(BO3)3: 
xSm3+(x = 0.001-0.100) phosphors. It is found that all of the 
decay curves show a second-order exponential decay, which 
can be fitted by the equation:26-28   

I(t) = I0+A1e-t/τ1+A2e-t/τ2                      (3) 
where I(t) is the luminous intensity at time τ; A1 and A2 are 
constants; t is time, and τ1 and τ2 are lifetimes for rapid and 
slow decays, respectively. The decay process of these samples 
is characterized by an average lifetime τ*, which can be 
calculated using equation 4 as follows 

τ* = (A1τ1
2+A2τ2

2) / (A1τ1+A2τ2)     (4) 
On the basis of equation (4), the luminescence lifetime of Tb3+ 
in Sr3Tb(BO3)3:xSm3+ decrease gradually with increasing Sm3+ 
concentrations shown in Figure 10(a). Then, the luminescence 
lifetime of Sm3+ in Sr3Tb1-x(BO3)3:xSm3+ with increasing Sm3+ 
concentrations firstly increase, and reach the maximum of x = 
0.01, and then decreased due to the concentration quenching 
effect shown in Figure 10(b), which strongly demonstrates an 
energy transfer from Tb3+ to Sm3+. 
Similarly, Figure 11 shows the fluorescence decay curves of 
Tb3+ and Eu3+ at 556 nm and 627 nm in Sr3Tb1-y(BO3)3:yEu3+. 
The decreasing average decay time of Tb3+ with increasing 
content of Eu3+ ion in Sr3Tb1-y(BO3)3:yEu3+ indicate the 
strengthening energy transfer (ET) from Tb3+ to Eu3+. However, 
the luminescence lifetime of Eu3+ in Sr3Tb1-x(BO3)3:xEu3+ firstly 
increase, reach maximum value of x=0.02, and then decreased 
due to the concentration quenching effect shown in Figure 
11(b). This is consistent with the concentration quenching of 
Sm3+ and Eu3+ in emission spectrum, which strongly 
demonstrates an energy transfer from Tb3+ to Eu3+. 
Figure S3 and Figure S4 show the fluorescence decay curves of 
Tb3+ and Ln3+ (Sm3+ and Eu3+) emissions by monitoring the 
wavelengths at 550 nm , 607 nm and 625 nm in 
Ba3Tb(BO3)3:Ln3+ phosphors. The phenomenon of the 
fluorescence decay curves in Ba3Tb(BO3)3:Ln3+ was similar to 
Sr3Tb(BO3)3:Ln3+, which further proves the energy transfer 
from Tb3+ to Sm3+ and Tb3+ to Eu3+. 
In general, energy transfer from the sensitizer to activator in 
phosphors may take place via multipolar interaction or 
exchange interaction at high concentration. In order to 
determine the energy transfer mechanism in M3Tb(BO3)3 
samples, here is a detailed introduction of the Sr3Tb(BO3)3 
samples. It is necessary to know the critical distance (Rc) 
between activator and sensitizer such as Sm3+ and Tb3+. When 
the distance is small enough, the concentration quenching 
occurs and the energy migration is hindered. Therefore, the 
calculation of Rc has been pointed out by Blasse:29-31  

Rc = 2[3V/4πXcN]1/3    （5） 
where V corresponds to the volume of the unit cell, N is the 
number of host cations in the unit cell, and Xc is the critical 
concentration of dopant ions. For the Sr3Tb(BO3)3 host, N = 6, 
V = 1256.813 Å3, and Xc is 0.01 for Sm3+. Accordingly, Rc was 
estimated to be about 34.2 Å. Moreover, when the value of 
Sm3+ takes 0.10, that is to say, Xc is 0.10 for Sm3+, Rc was 
estimated to be about 15.88Å. The results obtained above 
indicate the little possibility of exchange interaction between 
Tb3+ to Sm3+ since the exchange interaction is predominant 
only for about 5 Å. Thus the energy transfer from Tb3+ to Sm3+ 
may take place via the multipolar interaction. 

In the same way, in the Ba3Tb(BO3)3: xSm3+
，N = 6, V = 

1402.887Å3, and Xc is 0.01 for Sm3+. As a result, the Rc value of 
Sm3+ in Ba3Tb(BO3)3 is approximately 35.48 Å, which indicates 
the energy transfer from Tb3+ to Sm3+ may take place via the 
multipolar interaction. 
The multipolar interaction could be the major mechanism of 
the concentration quenching for Sr3Tb1-x(BO3)3:xSm3+. Dexter’s 
theory proposed the emission intensity per activator follows 
the equation: 32, 33  

(I/x) = K[1+β(x)θ/3]-1                  (6) 
when x is the activator concentration, I/x is the emission 
intensity per activator concentration, k and β are constants for 
a given host in the same excitation condition; and θ = 6, 8 and 
10 represent the dipole-dipole, dipole-quadrupole and 
quadrupole-quadrupole interactions, respectively. 

 

 
 

 

 

 
 

 

 

 
By modifying the Eq 6, log(I/x) acts a liner function of log(x) 
with a slop of (-θ/3). To get the value of θ, the relationship 
between log(I/x) and log(x) is plotted with x ranging from 0.01 
to 0.10 in Sr3Tb1-x(BO3)3:xSm3+ and from 0.02 to 0.10 in Sr3Tb1-

Figure 10 The luminescence lifetimes of Tb3+ (a) and Sm3+ (b) in 

Sr3Tb(BO3)3:xSm3+. 

 

Figure 11 The luminescence lifetimes of Tb3+ (a) and Eu3+ (b) in 

Sr3Tb(BO3)3:yEu3+. 
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y(BO3)3:yEu3+, respectively. Figure 12 shows the -θ/3 is -1.294 
and -1.341 in Sr3Tb1-x(BO3)3:xSm3+ and Sr3Tb1-y(BO3)3:yEu3+, 
Accordingly, θ is calculated to be 3.882 and 4.023 which are 

close to 6. The result indicates that the concentration quenching 

mechanism is the dipole – dipole interaction.34-36 
The calculation by Dexter’s theory as shown in Figure S5, relying on 
obtained results, it can be assumed that the -θ/3 is -1.3744 and -
1.071 in Ba3Tb(BO3)3:xSm3+ and Ba3Tb1-y(BO3)3:yEu3+, Accordingly, θ 
is calculated to be 4.12 and 3.21 which are close to 6. The result 
indicates that the concentration quenching mechanism is the 
dipole-dipole interaction. 

 
 

 

 
 

 

 

 

 

 
 

 

 

 

 
3.7. Temperature dependence of luminescence 

properties 
Thermal quenching is one of the important technological 
parameters for phosphors used in white LEDs.37 It has 
considerable influence on the color rendering index and light 
output. The temperature dependence of emission spectra of 
M3Tb0.99(BO3)3:0.01Sm3+ and M3Tb0.98 (BO3)3:0.02Eu3+ (M =  
Sr and Ba) phosphors under 274 nm and 286 nm excitation were 
measured at temperature in the range of 20 – 300 °C, and the 
results are shown in Figure 13. The normalized emission intensities 
decrease with increasing temperature up to 300℃ of 
M3Tb0.98(BO3)3:0.02Eu3+ and Ba3Tb0.99(BO3)3:0.01Sm3+ phosphors. It 
can be clearly seen that the three phosphors have comparatively 
good temperature quenching effect, due to the emission intensity is 
found to be 94.3%, 72.8%, 85.2% of the initial value for 
Sr3Tb0.99(BO3)3:0.01Sm3+ and M3Tb0.98(BO3)3:0.02Eu3+( M = Sr and 
Ba), respectively, when the temperature increases up to 150℃. 
Generally speaking, the nonraditive transition probability by 
thermal activation is also strongly dependent on temperature, 
resulting in the decrease of emission intensity. However, the 
present Sr3Tb0.99(BO3)3:0.01Sm3+ phosphor is not such a case. As 
given in Figure 14a, it represents the temperature dependence of 
the emission intensity gradually increase from room temperature to 
150℃, and then increases slightly. The emission spectra variation of 

Sr3Tb0.99(BO3)3:0.01Sm3+ from 20℃ to 300℃ is also given in Figure 
13a, which not quench with the increasing temperature. This is an 
amazing and interesting phenomenon, and will be explained in 
detail below. 
The half width at half maxima (FWHM) of Sr3Tb0.99(BO3)3:0.01Sm3+ 
phosphors  broaden gradually with increasing temperature in Figure 
14b. It is well known that the thermally activated luminescent 
center strongly interact with the thermally active phonon, 
contributing to the variation of the FWHM of emission spectra.38 At 
high temperature, the population density of phonon increases, and 
the interaction between electron and phonon is dominant, 
consequently the FWHM of emission spectrum is broadened. The 
insert of Figure 14b shows the mechanism configuration coordinate 

diagram of the FWHM of emission spectrum. Assuming that the 
ground state is v and the excited state is v’, when the temperature 
increase, the system is in the higher vibrational state (v) of the 
ground state, and the transition can occur at a large scale, making 
the absorption spectra widened. In the corresponding emission 
process, electrons can relax on the higher vibration (v’) in the 
excited state, which begin to transfer to the ground state, leading 
to the broadening of the emission spectrum. Therefore, the 
emission bandwidth depends on the ground state electron and 
phonon interaction. As the temperature increases, the phonon 
population density increases, and the interaction between the 
electron and the phonon strengthens, which brings about 
broadening of FWHM. 
Figure 15 shows thermoluminescence (TL) glow curves monitoring 
Ln3+ (Ln = Sm and Eu) luminescence of the Ln3+- doped M3Tb(BO3)3 ( 
M = Sr and Ba) and MTBO samples. Figure 15a shows the 
thermoluminescence glow curves of Sr3Tb(BO3)3:xSm3+ (x = 0-0.1) in 
the range 150–300℃ and a TL band with the peak at 270℃ was 
observed when x=0. The TL peak originate from intrinsic defects in 
the Sr3Tb(BO3)3 crystal. Obviously compared to the TL peak of the 
Sr3Tb(BO3)3, the TL peaks of Sm3+ single doped STBO are shifted to 
lower temperature with changing Sm3+ content, and the TL peak 
from STBO: 0.01Sm3+ is 247℃. This result means that the trap depth 
of the electron trap center decreases with changing Sm3+ content.39 

Figure 15b are the thermoluminescence glow curves of  
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Sr3Tb(BO3)3:0.02Eu3+ and Sr3Tb(BO3)3, which show the TL peak of 
Sr3Tb(BO3)3:0.02Eu3+ at 302℃, shifting to high temperature direction 
contrast with STBO. Figure 15c shows the TL curve of Ba3Tb(BO3)3, 
Ba3Tb(BO3)3:0.01Sm3+ and Ba3Tb(BO3)3:0.02Eu3+ phosphors. It can 
be seen that these TL curves have three same peaks at 260℃ and 
we do not observe the shift. The TL parameters of the thermal 
activation energy E which is associated with the trap depth can be 
derived from the equation of the thermoluminescence for a single 
trap depth, assuming no re-trapping, in the form: 40, 41 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
I(T) = Sn0 exp (-Et / KBT) ×[(l-1)s/β ×� exp

�

��
(-Et/KBT)dT+1]-l(l-1)      (7) 

where I(T) is the TL intensity; E is the activation energy (trap depth); 
n0 is the concentration of trap charges (electrons or holes) at t = 0; s 
is the frequency factor; kB is the Boltzmann’s constant; b is heating 
rate (1℃/ s in this study), and l is the order of kinetics. In this paper, 
the effect of s on Tm (the temperature of curve peaking) is neglected 
and the frequency of an electron escaping from the trap is 1/s, the 
thermal activation energy E (eV) could be estimated by the formula 
of E = Tm(K)/500.40 Hence the trap depth of M3Tb(BO3)3, 
M3Tb(BO3)3:0.01Sm3+ and M3Tb(BO3)3:0.02Eu3+ (M = Sr and Ba) are 
1.086eV (Sr3Tb(BO3)3), 1.04eV (Sr3Tb(BO3)3:0.01Sm3+), 1.15eV 
(Sr3Tb(BO3)3:0.01Eu3+), 1.066eV (Ba3Tb(BO3)3), 1.066eV 
(Ba3Tb(BO3)3:0.01Sm3+) and 1.066eV (Ba3Tb(BO3)3:0.01Eu3+), 
respectively, with the least value is 1.04 eV (Sr3Tb(BO3)3:0.01Sm3+). 
The M3Tb(BO3)3 (M=Sr and Ba) is a native defect material which 
always has lattice defects such as the oxygen vacancy and the 
terbium–oxygen vacancy pair.42,43 Figure 15d shows the schematic 
graph of energy band diagram of TL mechanism, and 
Sr3Tb(BO3)3:0.01Sm3+ is the representative. The process represents 
the excitation state, when the sample absorbs energy (hv), 
electrons are excited to the conduction band with trapped by a trap 
(T), at the same time, the vacancies in the valence band are 
captured of luminescence center (L). Then the luminescence center 
is ionized and the electron trap is filled. The process of b is that 
electrons are released into the conduction band from the trap (T) 
under the thermal agitation. Then the electrons on the conduction 
band recombine the vacancies of the luminescent center (L) with 
thermoluminescence in the processes of c and e. 
Here we analyze the phenomenon that the emission decreases in 
the PL emission spectra of M3Tb0.98(BO3)3:0.02Eu3+ and 
Ba3Tb0.99(BO3)3:0.01Sm3+ phosphors with the increasing 
temperature. The phenomenon can be ascribed to thermal 
quenching. It may be accounted for that deficiencies formed due to 
the radii mismatch between rare earth ions and cation ions.44 As a 

result, the probability of non-radiative process increased, leading to 
the worse thermal stability. The temperature quenching mechanism 
could be explained by the configuration coordinate diagram shown 
in the Figure 16a. Because the slopes of the ground and the excited 
state are different, point F is the crossing point of the ground state 

 

 
 
 
 
 
 

 
 
 
 
 
 

 

 
and the excited state curves. With the increase of temperature, the 
phonon vibration will become more frequent and intense, and 
more electrons in an excited state absorb the phonon energy, and 
reach the intersection (F). Most electrons at state F can go back to 
the ground state (A) by non-radiative transition which is strongly 
favored in high temperature, resulting in the decrease of emission 
intensity.40 However, its detailed luminescence mechanism and 
process are intriguing enough to further explore in the future. 
Especially, the as-prepared Sr3Tb0.99(BO3)3:0.01Sm3+ phosphor 
has the abnormal temperature dependent emission property. 
Emission intensity of Sr3Tb0.99(BO3)3:0.01Sm3+ increases quickly 
from room temperature to 150 ℃, and then increases slightly. 
That is, there is no temperature quenching. The temperature 
quenching mechanism and the abnormal temperature 
dependent emission property could be explained by the 
configuration coordinate diagram shown in the Figure 16b. In 
order to simplify the discussion, only one crossing point of e 
and the excited states of Sm3+ (P) are marked. 6Hj1 ( j1 = 5/2, 

Figure 14 Temperature dependence tendency of normalized emission 

intensities of M3Tb0.99(BO3)3:0.01Sm3+ and M3Tb0.98(BO3)3:0.02Eu3+(M=Sr and 

Ba) phosphors (a) and the FWHM of Sr3Tb0.99(BO3)3:0.01Sm3+ (b). The 

mechanism configuration coordinate diagram of the FWHM of emission 

spectrum in the inset of (b). 
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Figure 15 Thermoluminescence glow curves show Ln3+ (Ln = Sm and Eu) 

single doped MTBO and MTBO (M = Sr and Ba) and (d) the schematic 

graph of energy band diagram of TL mechanism. 

Figure 16 The configuration coordinate diagram of the temperature 

quenching of luminescence (a); the configurational coordinate diagram of 

the ground and excited states of Sm3+ and the defect in the Sr3Tb(BO3)3 

host (b). 
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7/2 and 9/2) represent the ground of Sm3+ and 4Gj (j =11/2, 7/2 
and 5/2) represent the excited states of Sm3+ in the curves, 
respectively. The curves g and e represent the ground and 
excited states of the lattice defects in the STBO host, 
respectively. Points A and B are the positions equilibrium 
lattice of 4Fj and e curves, respectively. Point M is the crossing 
point of curves e and g, while point P is the crossing point of 
curves e and the excited states of Sm3+. At room temperature, 
the electrons in 6H j and g are firstly excited to their excited 
states under 274 nm excitation, then most of the electrons 
return to their ground states via radiative transition in the 
excited states of Sm3+. However, with the increase of the 
temperature, most electrons in excited state e are strongly 
favored to overcome the energy barrier ∆E2, in addition to the 
radiative transition, because the least value of the trap depth 
of Sr3Tb(BO3)3:0.01Sm3+ is 1.04eV in M3Tb(BO3)3:Ln3+ and the 
electrons are easily released into the conduction band from 
the trap (T) under the thermal agitation. Then the electrons on 
the conduction band recombine with the vacancies of the 
luminescent center (L) with luminescence. So most electrons in 
excited state e transfer their energy to 6Hj due to electron–
phonon coupling, thereby, the emission intensity of Sm3+ is 
enhanced. In summary, with an increase in temperature, more 
and more electrons in excited state e can overcome energy 
barrier ∆E2 due to stronger electron–phonon coupling, and 
transfer energy from the crossing point to the excited states of 
Sm3+ and Tb3+, which slow down the decline of the emission 
intensity of Sm3+ and Tb3+, consequently. 
In order to understand the temperature dependence of emission 
intensity and to determine the activation energy for thermal 
quenching, the Arrhenius equation was fitted to the thermal 
quenching data of Ba3Tb0.99(BO3)3:0.01Sm3+ and 
M3Tb0.98(BO3)3:0.02Eu3+ (M=Sr, Ba) phosphors, as shown in Figure 
17.45-46 As demonstrated in eq 8, the probability of thermal  
activation is strongly dependent on temperature, resulting in the 
decrease of emission intensity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

IT = I0/1+c exp(-∆E/k T)      (8) 
In eq 8, I0 is the initial emission intensity, IT is the intensity at 
different temperatures, ΔE is activation energy of thermal 
quenching, c is a constant for a certain host, and k is the Boltzmann 
constant (8.629×10-5 eV). Figure 17 plots the relationship of Ln 

[(I0/IT)-1] versus 1000/T for the phosphors, which is linear with a 
slope of 3.789 (Sr3Tb0.98(BO3)3:0.02Eu3+), 4.609 
(Ba3Tb0.98(BO3)3:0.02Eu3+) and 5.523 (Ba3Tb0.98(BO3)3:0.02Sm3+). 
According to eq 8, the activation energy ΔE1 was calculated to be 
0.327 eV, 0.397 eV and 0.4766 eV. Usually, ΔE1 is related to the 
energy gap between the lowest energy Eu3+ and Sm3+ excited level 
and the bottom of the conduction band, which is connected with 
thermally activated energy transfer processes. Thus, 
M3Tb0.98(BO3)3:0.02Eu3+ and Ba3Tb0.98(BO3)3:0.01Sm3+ phosphors 
have a high or comparable activation energy value, which show that 
this series of M3Tb0.99(BO3)3:0.01Sm3+ and M3Tb0.98(BO3)3:0.02Eu3+ 

phosphors have excellent thermal stability. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
3.8. CIE chromaticity coordinate 
Energy transfer makes it possible to obtain both yellowish-green 
emission of Tb3+ ion and red emission of Sm3+ and Eu3+ ions in a 
single host, which is a feasible route to realize color-tunable 
emission under excitation of UV radiation. This result also 
confirmed by the CIE chromaticity coordinates shown in Figure 18. 
The photographs illustrate the color-tunability under 254 nm 
excitation with a UV lamp for Sr3Tb(BO3)3:Ln3+(Ln = Sm3+ and Eu3+) 
and Ba3Tb(BO3)3:Ln3+ (Ln = Sm3+ and Eu3+) phosphors with different 
Ln3+(Ln = Sm3+ and Eu3+) content in Figure 18. Their emission color 
can tune from yellowish-green to red or orange-red, which is 
attributed to the efficient energy transfer from Tb3+ to Sm3+ and 
Eu3+, respectively. And the variation of color can be clearly observed 
by the naked eye. The CIE coordinates vary systematically from 
yellowish-green to red or orange-red for M3Tb(BO3)3:Ln3+ (M = Sr 
and Ba, Ln = Sm3+ and Eu3+) with the variation of Ln3+ ions 
concentration. The results indicate that the phosphor may serve as 
potential red or orange-red emitting materials for UV based white 
LEDs. 

Conclusions 

The new tunable emission phosphors of M3Tb(BO3)3:Ln3+
（M = Sr 

and Ba，Ln = Sm and Eu) were synthesized by the conventional 
solid-state reaction, and the Rietveld method were successful 
refined the crystal structures for M3Tb(BO3)3:Ln3+ (M = Sr and Ba，
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Figure 17 Activation energy for thermal quenching of M3Tb0.98 (BO3)3:0.02Eu3+ 

(M=Sr and Ba) and Ba3Tb0.99(BO3)3:0.01Sm3+ phosphors. 

Figure 18 CIE chromaticity coordinate of Sr3Tb(BO3)3:Ln3+ and Ba3Tb(BO3)3:Ln3+ 

(Ln = Sm3+ and Eu3+)  (λex = 254 nm). 
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Ln = Sm and Eu). The color can be varied from yellowish-green to 
red or orange-red depending on the relative content of Ln3+ in the 
host. Under 274 nm and 286 nm UV light excitation, 
M3Tb(BO3)3:Ln3+ (M = Sr and Ba) phosphors exhibit greenish-yellow 
and red light with peaks at 501, 555, 613, 657 and 725 nm for 
Sr3Tb(BO3)3:Sm3+ and Ba3Tb(BO3)3:Sm3+. And under 274 nm and 286 
nm UV light excitation, M3Tb(BO3)3:Eu3+ (M = Sr and Ba) phosphors 
exhibit greenish-yellow and red light with peaks at 501, 555, 599, 
603, 627 and 713 nm for Sr3Tb(BO3)3:Eu3+ and Ba3Tb(BO3)3:Eu3+. The 
interesting luminescence behavior should be ascribed to efficient 
energy transfer of Tb3+- Sm3+ and Tb3+- Eu3+ in M3Tb(BO3)3:Ln3+ 
phosphors. In addition, the luminescence properties of 
M3Tb(BO3)3:Ln3+ have high thermal quenching temperatures. The 
results indicate that the novel borate phosphors may serve as 
potential red or orange-red emitting material for UV based white 
LEDs. 
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