
FULL PAPER
www.afm-journal.de

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1804150  (1 of 7)

Structural Confinement toward Giant Enhancement of Red 
Emission in Mn2+-Based Phosphors

Zhichao Zhang, Chonggeng Ma,* Romain Gautier, Maxim S. Molokeev, Quanlin Liu, 
and Zhiguo Xia*

Structural confinement effect on a pair of Eu2+ and Mn2+ optical centers is 
developed to realize the greatly enhanced red emission attributed to the 
4T1(4G)–6A1(6S) transition of Mn2+ ions. Sr9Mn1.26(2)Li0.24(2)(PO4−δ)7 , when 
it is doped with Eu2+, emerges as a new red-emitting phosphor, and the 
intensity dependence of such a red emission on the trace amounts of Eu2+ 
doping is quantitatively analyzed with a combined experimental and theo-
retical methods. The modeling result confirms the validity of this proposed 
design strategy, and the intrinsic high-efficient Eu2+–Mn2+ energy transfer 
process can be elucidated by the structural confinement effect featured as 
some Sr (Eu) close to Mn atoms. The results can initiate the exploration of 
Mn2+-based red phosphors for pc-white light-emitting diodes applications, 
and such a strategy can be easily expanded to other systems, thus opening 
a new perspective for the development of luminescence materials.

DOI: 10.1002/adfm.201804150

1. Introduction

The solid-state lighting technology origi-
nating from the phosphor-converted 
white light-emitting diodes (pc-WLEDs) 
penetrated deeply into various home/life-
style products including the indoor/out-
door illumination and backlight units in 
modern liquid-crystal display (LCD) appli-
cations.[1] Key materials discoveries repre-
sented by the broad-band yellow-emitting 
Y3−xGdxAl5−yGayO12:Ce3+ phosphors com-
bined with the blue-emitting semiconductor 
InGaN chip, have prompted the develop-
ment of lighting, displays and other appli-
cations.[2] However, one of the remaining 
challenges is to further improve the color 
rendition and optical quality of illumina-

tion-grade light sources.[3] Amongst, the development of red-
emitting phosphors provides new opportunities for fabricating 
pc-WLEDs with both high color rendering index and high lumi-
nous efficacy.[4] At present, plenty of red-emitting phosphor mate-
rials have been discovered based on versatile structural models, 
among them, Eu2+-doped nitrides, such as, (Ba,Sr)2Si5N8:Eu2+ and 
(Ca,Sr)SiAlN3:Eu2+, as well as Mn4+-doped fluoride represented by 
K2SiF6:Mn4+, have drew much attentions.[2a,5] It is clear that the 
design of new red emitter is a key challenge for the emerging 
applications of future phosphors.[6]

A useful approach, also called as the mineral-inspired pro-
totype evolution and new phase construction strategy, has 
been successfully adopted to construct the new phases acting 
as the phosphor hosts.[2,7] As an example discussed herein, 
β-Ca3(PO4)2-type mineral structure is capable of such a design 
principle toward new phosphor systems owing to the possibility 
for heterovalent substitution of cations and multivariate struc-
tural types.[2a,8] This phase provides five crystallographic cationic 
position with opportunities for heterovalent substitution and 
close interactions between cations.[9] Moreover, a valid approach 
is to target an efficient energy transfer (ET) for color-tunable 
phosphors, so that the ET process can be easily realized in the 
multiple sites of the β-Ca3(PO4)2-type compounds.[10] Inspired 
by the above reasons, we discovered a new β-Ca3(PO4)2-type 
compound in which Eu2+–Mn2+ ET in the local confinement 
space has been found and verified.

Mn2+ based β-Ca3(PO4)2-type compound with the nominal 
chemical formula of Sr9MnLi(PO4)7 has been designed, and 
the crystal structure was resolved by the single crystal X-ray 
diffraction method based on the microcrystal samples. And it is 
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worth mentioning that the intensity of Mn2+ emission centers 
in this compound has been increased 159 times with the intro-
duction of the trace amount of Eu2+ doping, which is ascribed 
to the highly efficient Eu2+–Mn2+ ET probability rate. The excita-
tion and emission spectra of pure and Eu2+-doped samples were 
analyzed in the framework of the crystal field (CF) theory. On the 
basis of the obtained CF energy level diagrams of Eu2+ and Mn2+ 
ions, various pumping kinetic processes to the luminescent 
4T1(4G) energy level of Mn2+ ions were discussed by means of 
spectroscopic modeling, and the dependence of the relative lumi-
nescence intensity of Eu2+-doped samples on the Eu2+ doping 
concentration was calculated and compared with the measure-
ment. The results verify that the structural confinement effect 
application should be a power strategy to enhance the red emis-
sion of Mn2+ ions and discover new phosphors for pc-WLEDs.

2. Results and Discussion

The designed compound with the targeted chemical formula 
Sr9MnLi(PO4)7 is hypothetical and derived from β-Ca3(PO4)2-type  

phase, which is actually not included in any structural data 
base. Accordingly, this compound was synthesized through the 
traditional solid-state reaction yielding homogeneous powder 
particles. In Figure 1a, it is seen that the sample is composed by 
individual grains and this is very strange because, commonly, 
the samples formed by solid state synthesis contain agglom-
erated grains. It can be observed from the scanning electron 
microscope (SEM) measurements that the particles are of rela-
tively uniform morphology with smooth surface and their sizes 
are about 20 µm. A typical microcrystal particle (Figure 1b)  
was selected to perform the elemental mapping analysis. The 
overlap and individual element Sr, Mn, P, and O have been 
demonstrated in Figure 1c–g, and all the elements are homo-
geneously distributed in the particles. The images of phosphor 
particles were checked by fluorescent microscopy, as shown 
in Figure 1h for optical microscope mode and Figure 1i for 
fluorescence imaging mode, respectively. The microcrys-
tals demonstrated high crystallinity and bright red emis-
sion upon 380 nm UV illumination. The crystal structure of 
the compound was solved from the single crystal X-ray data 
of the single microparticle. The main information about the 
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Figure 1.  SEM images of targeted SMLPO:Eu2+ at a) low and b) high magnifications, and the corresponding EDS elemental mapping images for  
c) overlap elements, and the independent element d) Sr, e) Mn, f) P, and g) O. Microscopy images of the selected microcrystals in the h) daylight and 
i) upon 380 nm UV illumination. j) Rietveld refinement of powder pattern using structural model obtained from single crystal diffraction and the inset 
shows 6Li MAS NMR spectrum and the coordination environment.
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crystallographic data collection and refinement was reported 
in Table S1 in the Supporting Information. The structure of 
Sr9Fe1.5(PO4)7 was taken as a starting model for refinement 
considering the similarity of the average ionic radii of the 
substituent Mn2+/Li+ and the original Fe2+ in the host, also 
including the same disordering of structural elements.[11] The 
occupancies of Sr2 and Sr3 sites were refined with a constraint 
of occ(Sr2) + occ(Sr3) = 0.5 according to Sr9Fe1.5(PO4)7 model. 
The Fe2+ ions were replaced by Mn2+/Li+ ions and the occu-
pancies were allowed to be refined. The Mn2+ and Li+ atoms 
were refined with the same coordinates and equal thermal 
parameters. The thermal parameters of all atoms besides 
disordered ions (Sr2, Sr3, P1, O1, O2) were refined aniso-
tropically. It was found that only one (Mn1) site from two 
independent Mn sites (Mn1, Mn2) in the asymmetric unit has 
noticeable value of Li occupation. Therefore, at the final stage 
of refinement, the Li occupation in the Mn2 site was fixed to 
be zero (Table S2, Supporting Information). It should be noted 
that the replacement of Mn2+ by Li+ leads to small charge 
disbalance about −0.24 e, and, respectively, the existence 
of O2− vacancy was assumed which cannot be refined. The 
chemical formula from the final refinement can be written as 
Sr9Mn1.26(2)Li0.24(2)(PO4−δ)7, abbreviated as SMLPO hereafter, 
and the crystallographic information file (CIF) of this new 
phase is presented in the Supporting Information. One can see 
that Li really penetrates into the host, moreover, the 6Li MAS 
NMR spectrum from grounded crystals shown in the inset 
of Figure 1j demonstrated the chemical shift, δ  = 0.02 ppm, 

which indicated that Li entered the lattice and formed six-
coordinated LiO6 octahedron.[12] Thus, the Li incorporation 
was further confirmed. Accordingly, Rietveld refinement of 
powder pattern, which was obtained by X-ray diffraction (XRD) 
of ground single crystals, showed that the bulk material is of 
pure phase (Figure 1j). The as-obtained SMLPO phase crystal-
lizes as a trigonal structure with space group R-3m. The unit 
cell parameters were determined to be a  = 10.652 (1) Å, b  = 
10.652 (1) Å, c = 19.699 (3) Å, V = 1935.7 (6) Å3.

Figure 2a,b represents the details of SMPLO crystal structure 
refined from single crystal X-ray diffraction. It should be noted 
that there are two Mn sites in the asymmetric unit, one of 
them, Mn2, is ordered and forms regular octahedron, however, 
Mn1 site contains Mn2+, Li+ ions and vacancy which are statisti-
cally disordered over crystal (Figure 2b). The Mn1/Li1/Vacancy 
site has complex form of polyhedron because it shares the face 
with P1O4 tetrahedron which is disordered over three posi-
tions (Figure 2a). Crystal structure analysis revealed the short 
distances d(Sr2/3-Mn1)  = 2.402–3.788 Å (Figure 2a). However, 
the small occupancy values of occ(Sr3) = 0.178 (9), occ(Sr2) = 
0.319 (9), and occ(Mn1) = 0.13 (1) imply that, in the case of sta-
tistical disordering with random ion distribution over space, 
such bond lengths hardly can be observed. Taking into account 
the repulsive character of Mn2+ and Sr2+ ions one can suggest 
almost zero probability of such situation. Only in the case of 
dynamical disordering of Sr2+ ions, in the hypothetical situation 
when Sr2+ jumps from one position to another one with high 
frequency, this can lead to such short SrMn bond lengths for 
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Figure 2.  a) Crystal structure of SMPLO refined from single crystal diffraction, and several structural elements are disordered: Sr2, Sr3, P1O4, and Mn1/
Li1/Vacancy. b) Coordination diagram of Sr1, Sr2/Sr3, Mn1/Li1, and Mn2 sites by other structural elements. c) The normalized Mn K-edge XANES 
spectra of SMLPO:Eu2+ and the reference compounds of MnO and Mn2O3. d) Fourier transform of the EXAFS spectra of SMLPO:Eu2+ fitting use a 
function of R.
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short durations. This effect cannot be excluded because XRD 
measurements cannot distinguish static from dynamic dis-
order. In any case, the fully occupied Sr1 and Mn2 sites also 
have relatively short bond lengths d(Sr1–Mn2)  = 3.6675–5.14 Å 
which would permit efficient ET discussed later. In order to 
further corroborate the crystal structure details, we adopted the 
X-ray absorption near-edge spectroscopy (XANES) and extended 
X-ray absorption fine structure (EXAFS) to provide electronic 
information and symmetry information for manganese in 
the SMLPO:Eu2+ compound. The Mn K-edge XANES spectra 
of SMLPO:0.06Eu2+ and reference samples MnO and Mn2O3 
are given in Figure 2c. The pre-edge feature of the K-edge of 
manganese is located 15–20 eV before the main K-edge crest 
of manganese. A weak absorption peak at ≈6540 eV can be 
observed and it is attributed to the electric dipole forbidden 
transition from the 1s core levels to the empty 3d levels more 
or less 4p hybridized by the oxidation state and the ligand envi-
ronment of the metal. By comparing a closeness of the Mn 
edge, the SMLPO:Eu2+ sample was similar to MnO reference 
sample when normalized absorption is equal to 0.75. This com-
parative analysis shows that the Mn valence in this compound 
is +2. Moreover, the Mn K-edge shape is highly dependent on 
the compound type. The shape, position, and size of the peak 
provide information on the nearest neighbors in the compound 
probed by the EXAFS measurements. The EXAFS spectrum of 
SMLPO:Eu2+, as well as the Fourier transform R functions, are 
shown in Figure 2d. For the MnO, MnSr, and MnP shells 

fit to the compound, the coordination number (N) is calculated 
to be 5.6, 12, and 3.6, respectively, which yields the approximate 
values of 6, 12, and 4, and further with the respective interionic 
distances 2.15, 3.76, and 3.47 Å, respectively. These values are 
also in agreement with the crystal structure refinement results 
mentioned above.

Figure 3a illustrate the photoluminescence excitation (PLE) 
and photoluminescence emission (PL) spectra of the neat 
SMLPO and SMLPO:0.06Eu2+ samples, respectively. In the 
PLE spectrum of SMLPO, it can be elucidated that the strong 
excitation band with maximum at 205 nm (A) should be due 
to the host absorption, whereas other weak bands appearing 
in the range from 300 to 500 nm via an intensity enlargement 
by 20 times can be attributed to the transitions from 6A1(6S) 
to 4T2(4G), 4E(4G) and 4A1(4G), 4T2(4D), 4E(4D), and 4T1(4P) of 
the 3d5 configuration of Mn2+ ions by employing the Tanabe–
Sugano energy level diagram for the 3d5 configuration of 
Mn2+ ion.[13] Since the observed 3d–3d transitions are both 
parity- and spin-forbidden, the intrinsic excitation of Mn2+ ions 
is very weak and inefficient, and the Eu2+ ions introduced as 
sensitizers improved significantly the PL emission. The PLE 
spectrum of SMLPO: 0.06Eu2+ exhibits the host absorption 
band A as well and two additional strong excitation bands with 
the maxima at 312 nm (B) and 355 nm (C), respectively. The 
latter two can be simply regarded as the transitions of Eu2+ ions 
from the 4f7 ground multiplet 8S7/2 to those 4f65d1 states with 
the first and second 5d CF components, respectively. A more 
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Figure 3.  a) Photoluminescence excitation and emission, spectra of SMLPO:xEu2+ phosphors, with x = 0 (black line the enlarged dot-ted line), x = 
0.06 (red line). b) PL spectra of a series of SMLPO:xEu2+(x = 0–0.16 mol) phosphor under 355 nm excitation. c) Schematic diagram for luminescence 
kinetics of pure and Eu2+-doped SMLPO. d) Calculated and measured dependence of the relative luminescence intensities of the Eu2+-doped SMLPO 
samples on the concentration of Eu2+ ions.
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accurate assignment for them can be made based on our 
recently proposed 4f65d1 energy level scheme of Eu2+ ion using 
the notation |(4f67F,sd)8Fj; 5dΓi > (i = 1 and 2; J = 1/2,…,13/2),[7b] 
as shown in Figure 3c. The PL spectra of both SMLPO and 
SMLPO: 0.06Eu2+ shows one broad red emission peak at about 
615 nm originating from the 3d–3d transition from 4T1(4G) to 
6A1(6S) of Mn2+ ions. One can also find that such a red emis-
sion can be greatly enhanced after doping Eu2+ ions. Figure 3b 
shows the PL spectra of SMLPO:xEu2+ samples (x = 0.02–0.16) 
excited at 355 nm, and the PL intensity dependence on the 
concentration of Eu2+ ions is depicted in Figure 3d. It can  
be clearly seen that the PL intensity increases sharply with the 
introduction of Eu2+ ions, and reaches the maximum (x = 0.06) 
with being 159 times stronger than the pure host case. Such 
increase of the PL intensity can be explained as the fact of the 
ET process with high efficiency between Eu2+ and Mn2+ ions, 
whereas the following quenching behavior should be caused 
by the increasing energy loss during the excitation energy 
migration process among Eu2+ ions with increasing concen-
tration.[14] The PL decay curves of a series of SMLPO:xEu2+ 
phosphors (x = 0–0.16) with monitoring the emission of Mn2+ 
ions at 615 nm and the excitation of Eu2+ ions at 355 nm were 
measured, as shown in Figure S1 in the Supporting Informa-
tion. None of the decay curves shows a singly-exponential law 
because of the multicenter character of Mn2+ ions in the host 
lattice and the existence of delays in the Eu–Mn ET processes 
probably due to the energy retrapping by other Eu2+ ions or 
defects. Therefore, the average lifetime characterized by the  
formula proposed in Ref. [15] should be a good descriptor for 
the nonexponential decay cases. The dependence of the calcu-
lated average lifetime on the concentration of Eu2+ ions is given 
in Figure S1 (Supporting Information) and it looks similar as 
the PL dependence in Figure 3d. The observed dependences 
suggest that a piling up effect on the occupation number of the 
4T1(4G) state of Mn2+ ions caused by the Eu–Mn ET processes 
form a competition with the spontaneously radiative process to 
the ground state 6A1(6S) of Mn2+ ions, and, then, much stronger 
the Eu–Mn ET processes, much longer the average lifetime. 
Moreover, the external and internal quantum efficiency of 
SMLPO:0.06Eu2+ phosphors are 16.84% and 29.97%, respec-
tively, at room temperature, and the measurement details are 
shown in the Supporting Information.

In order to understand the role of the structural confine-
ment effect in the enhancement of red emission intensity of 
Mn2+ ions, we combined the two proposed energy level dia-
grams for Eu2+ and Mn2+ ions in SMLPO to obtain the descrip-
tion of various pumping kinetic processes to the luminescent 
4T1(4G) energy level of Mn2+ ions, as shown in Figure 3c. By 
inspecting Figure 3c, one can find that the structural confine-
ment effect acting on a pair of cationic optical centers should 
be mainly responsible for tuning the metal-to-metal ET prob-
ability rates, such as those from Eu2+ to Mn2+ ions in SMLPO. 
Following the classical Dexter ET theory,[16] we estimated 
the order of magnitude of the Eu–Eu, Eu–Mn, and Mn–Mn 
ET probability rates in SMLPO with respect to the reference 
system Ca2Sr(PO4)2:0.04Eu2+, 0.08Mn2+ with the similar 
structural form[17] and collected them into Table S3 in the 
Supporting Information. From Table S3 (Supporting Informa-
tion), one can see that the structural confinement effect, due 

to the short distance between the Sr1 and Mn2 sites, results in 
much stronger Mn–Mn and Eu–Mn ET probability rates rela-
tive to that in the reference system and can further suppress 
the luminescence of Eu2+ and Mn2+ ions. Although the Mn–
Mn ET decreases the population of the luminescent 4T1(4G) 
energy level of Mn2+ ions, the more high-efficient Eu–Mn ET 
process provides a very robust pumping behavior and therefore 
significantly enhances the red emission of Mn2+ ions, as con-
firmed by the experimental measurements and theoretical cal-
culations (Supporting Information). In addition, the measured 
dependence of the luminescence intensities of the Eu2+-doped 
samples on the Eu2+-doping concentration was also modeled by 
extending the theoretical model above on the basis of consid-
ering the competition among the 5d–4f luminescence of Eu2+ 
ions and the Eu–Eu and Eu–Mn ETs. The calculated depend-
ence given in Figure 3d shows a very good agreement with 
the experimental results and the related numerical simulation 
results given in Table S4 (Supporting Information) perfectly 
support the experimental fact that the 5d–4f luminescence of 
Eu2+ ions is too weak to be observed.

To further evaluate the application of SMLPO:Eu2+ as white 
LEDs phosphor, the position of the SMLPO: 0.06Eu2+ phos-
phor excited at 355 nm at the Commission Internationale de 
I’éclairage (CIE) chromaticity diagram was calculated and a dig-
ital photograph under 365 nm UV lamps is given (Figure 4a). 
As shown in the inset, the phosphor of SMLPO: Eu2+ shows 
bright red emission with the CIE coordinates of (0.5907, 
0.3691). Hence, blue-emitting BaMgAl10O17:Eu2+, green-
emitting Ba2SiO4:Eu2+ and red-emitting SMLPO:0.06Eu2+ were 
combined in UV-LEDs chips (365 nm) to fabricate a pc-LED 
device. The electroluminescence spectrum of the packaged 
w-LED lamp driven by 360 mA current is exhibited in Figure 4b, 
and the image of the fabricated device is shown in inset. The 
CIE color coordinates of the fabricated pc-LED are revealed as 
(0.350,0.342) and the lower correlated color temperature (CCT) 
value 4762 K indicate bright warm white light emitted from the 
device. The color rendering index value (Ra) is obtained reached 
91.2. These results demonstrated that SMLPO: Eu2+ has a great 
potential to serve as phosphor of pc-LED.

3. Conclusion

In summary, we have utilized the mineral-inspired prototype 
evolution and new phase construction strategy, as well as the 
further composition design via chemical cosubstitution leading 
to new materials and optimized properties, proposed by our 
group.[2a] Thus, the novel red-emitting Mn2+-based phosphor, 
Sr9Mn1.26Li0.24(PO4−δ)7:Eu2+, based on β-Ca3(PO4)2-type struc-
ture model has been discovered. The red emission can be enor-
mously enhanced with trace amounts of Eu2+ doping due to 
the intrinsic high-efficient Eu–Mn ET process. The structural 
analysis and spectroscopic modeling confirm that such high-
efficient Eu–Mn ET is induced by a structural confinement 
effect. The concept of energy transfer in the local confinement 
space could initiate the exploration of Mn2+-based red phos-
phors for pc-WLEDs applications, and such a strategy can be 
easily expanded to other systems, thus opening a new perspec-
tive for the development of luminescence materials.

Adv. Funct. Mater. 2018, 28, 1804150
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4. Experimental Section
Materials and Preparation: Phosphors samples with the nominal 

chemical compositions of Sr9MnLi(PO4)7:xEu2+ were synthesized by a 
high temperature solid-state reaction method. The raw materials were 
SrCO3 (99.99%, Sinopharm Chemical Reagent Co., Ltd), NH4H2PO4 
(99.99%, Sinopharm Chemical Reagent Co., Ltd), MnCO3 (99.99%, 
Sinopharm Chemical Reagent Co., Ltd), Li2CO3 (99.99%, Sinopharm 
Chemical Reagent Co., Ltd), and Eu2O3 (99.99%, Aladdin Chemistry Co., 
Ltd). The raw materials were mixed by grinding in an agate mortar with a 
given stoichiometric ratio. Mixtures were then shifted to the crucible and 
preheated at 700 °C for 3 h. After being ground, the powder mixtures were 
sintered again at 1300 °C for 4 h under a reducing atmosphere of CO. After 
firing, the samples were cooled to room temperature in the furnace and 
then the final product was obtained in powder form with small microcrystals 
showing red luminescence after excitation with a 365 nm UV lamp. The 
powder products were used for the structural and spectral analysis.

Characterization: To determine the elemental composition, distribution, 
and the morphology of the obtained products, a JEOL JSM 6510 SEM 
equipped with an energy disperse spectrum (EDS) detector was used to 
check the ground samples. The photographs of microcrystal particle were 
obtained by an optical microscope equipped with fluorescence imaging 
system (Nikon Eclipse LV100ND), and the 380 nm illumination and Nikon 
DS-Qi2 CCD camera were also used. The single crystal X-ray diffraction 
data of the selected microcrystal sample were collected on a Bruker 
D8-Venture single crystal X-ray diffractometer equipped with a Turbo X-ray 
Source (Mo–Kα radiation, λ = 0.71073 Å) adopting the direct drive rotating 
anode technique. Crystal structure solving and Rietveld refinements were 
performed by using TOPAS 4.2 software. The X-ray data from the crystal 
were measured for the exposure time of 10 s on each frame. Each new frame 
was obtained by crystal rotation along ω-axis by 0.5° at the fixed ϕ angle. 
The ω value was increased from 0° to 182°. The 364 frames were measured 
at each fixed ϕ equal to 0°, 120°, and 240°. After that, the program APEXII 
from Bruker integrated the reflection intensities. Space group R-3m was 
defined by the analysis of extinction rules and intensity statistics obtained 
from all reflections. The multiscan absorption correction of reflection 
intensities was performed by APEXII software. Then, the intensities of 
equivalent reflections were averaged. The structure refinement was carried 
out by least-square minimization in SHELXL 2014/7. 6Li solid-state nuclear 
magnetic resonance (NMR) spectra were obtained on a solid-state Bruker 
400WB AVANCE 3 at 16 kHz. The X-ray absorption near-edge structure 
(XANES) spectra were recorded on the beam line of 1W1B at Beijing 
Synchrotron Radiation Facility. All spectra of XANES were normalized to 
a unity step height in the absorption coefficient from well below to well 

above the edges. Standard oxide powders, MnO and Mn2O3, were used 
for energy calibration and for comparing different electronic valence states. 
The photoluminescence emission (PL) and photoluminescence excitation 
(PLE) spectra were recorded by a fluorescence spectrophotometer (F-4600, 
HITACHI, Japan) equipped with a photomultiplier tube operating at  
400 V and a 150 W Xe lamp as the excitation source. The luminescence 
decay curves were measured by the FLS920 fluorescence spectrophotometer 
(Edinburgh Instruments Ltd., U.K.).

White-Light LED Lamps Fabrication: White LED lamps were fabricated 
by integrating a mixture of transparent silicone resin and phosphors 
blend of blue-emitting BaMgAl10O17:Eu2+, green-emitting Ba2SiO4:Eu2+ 
commodity and orange-red-emitting Sr9Mn1.26(2)Li0.24(2)(PO4−δ)7:Eu2+ on 
an 365 nm UV chip. Optical properties, including the electroluminescence 
(EL) spectrum, color temperature (CCT), color rendering index (Ra), and 
CIE color coordinates of the LEDs, were characterized using a PMS-80 
Plus UV–vis–near IR Spectrophotocolorimeter system.

Computational Methodology: The PLE and PL spectra of Mn2+ 
and Eu2+ ions in SMPLO were analyzed for the construction of the 
corresponding electronic energy level diagrams by employing the 
combination of the exchange charge model[18] describing the crystal-
field effect felt by dopants and the simple model[19] for f–d transitions of 
lanthanide ions. The luminescence kinetic processes were described by 
means of the spectroscopic modeling including the Einstein absorption 
coefficient and the spontaneous emission transition probability rate in 
order to evaluate the luminescence enhancement times after doping 
Eu2+ ions. The Eu–Mn, Mn–Mn, and Eu–Eu energy transfer probability 
rates in SMPLO were estimated in the framework of the energy transfer 
theory of Dexter[16] and further fed into modeling the dependence of 
the luminescence intensities of the Eu2+-doped samples on the doping 
concentration. More details about the theoretical background used in 
the present work can be found in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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