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Temperature variable luminescence and color
tuning of Eu2+/Mn2+-codoped strontium
magnesium phosphates as promising red-emitting
phosphors for light emitting diodes†

Young Jun Yun,a,b Hee Jeong Lim,a Jin-Seong Park,b Mihye Wu,a Ha-Kyun Junga

and Sungho Choi*a

Eu2+ and Mn2+ codoped violet-/red-emitting strontium magnesium phosphates, SrMgP2O7, SrMg2P2O8

and Sr2Mg3P4O15, were prepared and their emission properties, especially for color tuning with tempera-

ture variable luminescence, were investigated. Simply by changing the host composition of the SrO–

MgO–P2O5 ternary system, we can control the Eu2+-sensitized Mn2+ emission efficiency as well as the

thermal quenching of incorporated activators. We can realize that the overall luminescence behavior is

induced by the Mn2+ center positioned at different coordination states with intermixed Sr2+/Mg2+ sites in

various hosts, which resulted in widely tunable colors from violet-red through orange-red to pure red.

Finally, bright and stable reddish color illuminated light emitting diodes (LEDs) can be obtained by com-

bining the proposed phosphates with ultraviolet LEDs, demonstrating the potential red-emitting phos-

phors for ultraviolet-pumped phosphor converted white-LEDs.

1. Introduction

Solid-state lighting is one of the most eco-aware fields in the
world. Compared to normal fluorescent and incandescent
lamps, solid-state lights have excellent low power consump-
tion, high color rendering index and long operating time.1,2 In
order to obtain efficient white emission lighting, two conven-
tional ways have been used to date; both methods use phos-
phor converted-white light emitting diodes (pc-WLEDs). The
first one is to combine a blue light emitting diode with a
yellow-emitting Y3Al5O12:Ce

3+ (YAG:Ce) phosphor. The other is
using mixed red/green/blue tricolor phosphors combined with
near ultraviolet LEDs, which have been only recently intro-
duced. This type of tricolor phosphor has the advantages of
higher color rendering index and higher thermal stability,
leading to efficient white LEDs with suitable color tempera-
ture.2,3 However, the tricolor phosphor can only be obtained at
high cost and low efficiency, characteristics that are due to the
material’s re-absorption of color and its complicated manufac-

turing process. Very recently, supplementary color elements
such as orange/red-emitting phosphors have started to play a
key role in improving the color rendering properties of
WLEDs. Most notably, the representative red phosphors have
been limited to sulfides and nitride phosphors, which are vul-
nerable to thermal shifts and which suffer from a relatively
difficult preparation process. To overcome these problems, it
is essential to develop new red phosphors that can be easily
prepared and that can provide intense emission upon UV
excitation.4–6

Phosphates are well known as the host materials of phos-
phors due to their excellent chemical stability and diverse
crystal structures. A group of compounds that illustrate these
requirements is also found in the SrO–MeO–P2O5 (Me = diva-
lent metal ion; Mg2+, Zn2+) ternary systems; these were
examined with Eu2+ activation. The orthophosphates obtained
from these systems have been described as potential host com-
pounds previously by Hoffman et al.7,8 The compounds on
these joints are the true ternary orthophosphates, SrMg2P2O8

and SrZn2P2O8, and the stabilized high-temperature forms,
or the form of Sr3(PO4)2, all of which are found only in the
ternary region. These systems also contain other promising
host compounds such as SrMgP2O7 and Sr2Mg3P4O15.

Mn2+ is a representative luminescence center because its
emission color can be tuned from green to orange and even-
tually to red by appropriately modifying the crystal field of
hosts.9–11 Generally, the tetrahedrally coordinated Mn2+ ions
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(in a weak crystal field) exhibit a green emission, while the
octahedrally coordinated ions (in a strong crystal field) yield
an orange to red emission. Unfortunately, the Mn2+ 3d–3d
absorption transitions from the ground state to the excited
states are spin forbidden, which results in weak emission.12–14

The usual route to enhance Mn2+ emission is to codope a sub-
sidiary ion (sensitizer) in the host to strengthen the excitation/
absorption of Mn2+ ions.15–17 Generally, Eu2+ and Ce3+ are
known as ideal sensitizers due to their high absorption cross-
sections, which originate from the allowed 4f–5d transitions.
The Eu2+ ion is used as a blue-emitting activator under UV
excitation; it also acts as an efficient sensitizer in the energy
transfer process. Therefore, it is important to develop novel
hosts, in which both sensitizer (Eu2+ or Ce3+) and activator
(Mn2+) ions can be easily incorporated, energy transfer from
Eu2+ (or Ce3+) to Mn2+ is effective, and the Mn2+ emission
color can be finely tuned. With the energy transition of Eu2+

and Mn2+ being a spin-forbidden transition, the region
between Eu2+ emission and the Mn2+ adsorption bands
overlaps. Also, the emission of Eu2+ ions is efficient under UV
excitation in alkaline earth pyrophosphates and worked very
effectively for the strontium compounds.

Temperature variable emission of the phosphors used in
pc-LEDs is important since it exerts a considerable influence
on the light output as well as the energy transfer. Energy trans-
fers from the sensitizer to the activator through the thermal
activation over the energy barrier and finally reverts to the
ground state to give a shorter wavelength emission.18 There-
fore, the energy transfer efficiency between two different activa-
tors, whose efficiency is strongly dependent on the energy
barrier ΔE and the temperature T, is more important in single-
phase multi-emitting phosphors.

In this work, we report on the luminescent properties of
Eu2+ and Mn2+ codoped red-emitting phosphate compounds
in the SrO–MgO–P2O5 ternary system. We can achieve on-
demand red illuminating phosphors simply by controlling the
chemical composition and the Eu2+/Mn2+ molar ratio. More-
over, the thermal quenching of the activators is analyzed in
order to evaluate the energy transfer efficiency in each phos-
phate compound, SrMgP2O7, SrMg2P2O8 and Sr2Mg3P4O15.
Finally, the chip-in-package test against the thermal/hydrolytic
resistance of the given phosphor is performed with the near
UV-pumped LEDs.

2. Experimental
2.1. Materials and synthesis

Synthesis of the Eu2+ and Mn2+ codoped SrMgP2O7,
SrMg2(PO4)2 and Sr2Mg3P4O15 powders was performed using
the conventional solid state reaction method. Reagent grade
SrCO3 (99.9%, High Purity Chemicals), MgO (99.99%, High
Purity Chemicals), (NH4)2HPO4 (99.99%, Sigma-Aldrich),
Eu2O3 (99.99%, Rare Earth Co.), and MnCO3 (99.9%, High
Purity Chemicals) were used as raw materials without any
further purification. Appropriate amounts of raw materials

were weighed and thoroughly ground with acetone for mixing.
The mixture was pre-fired at 600 °C for 1 h under an air atmos-
phere. The pre-fired samples were pulverized, followed by
firing at 900 °C for 5 h (SrMgP2O7:Eu0.05, Mn0.15) and at
1000 °C for 5 h (SrMg2(PO4)2:Eu0.1, Mn0.1 and Sr2Mg3P4O15:
Eu0.05, Mn0.35) under a reducing atmosphere, 5% H2–95% N2

mixture gas. It should be noted that the Eu2+(mole)/
Mn2+(mole) ratio was fixed for each composition that showed
the highest emission intensity under UV radiation.

2.2. Measurements and characterization

The crystal structure of the prepared phosphors was identified
by X-ray powder diffraction (XRD) using a Rigaku
DMAX-2200 V X-ray diffractometer. Photoluminescence exci-
tation and emission spectra for the given phosphors were
measured using a PSI photoluminescence system equipped
with a Xe-lamp. Additionally, temperature variable emission
spectra followed by the calculated thermal activation energy
were measured using an in situ thermostatic chamber
equipped photoluminescence system from room temperature
to 180 °C. Programs used to analyze the local structure of the
atoms and the lattice structures were ORTEP-3 (v1.0.3) and
STRUPLO (v1.01), respectively.

3. Results and discussion

A group of compounds that were considered as the potential
host lattices for Eu2+ and Mn2+ activation were found in the
divalent ion-based ternary systems, SrO–MeO(Me = Mg2+,
Zn2+)–P2O5. The orthophosphate joints of these systems have
been described previously, and can be successfully synthesized
within the range of our synthetic conditions, as shown in
Fig. 1.8

The compatibility ternary phase diagrams of the given com-
pounds are presented in the ESI (Fig. S1†). As shown in Fig. 1,
single phase XRD peaks of Eu2+ and Mn2+ codoped strontium
magnesium phosphates were obtained and are consistent with
the standard JCPDS cards: #28-0782 for SrMgP2O7, #52-1590
for SrMg2P2O8 and #21-0964 for Sr2Mg3P4O15. Overall, the

Fig. 1 XRD patterns of Eu2+ and Mn2+ codoped strontium magnesium
phosphates: (a) SrMgP2O7, (b) SrMg2P2O8 and (c) Sr2Mg3P4O15. Compar-
able JCPDS cards for each compound are denoted.
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resulting diffraction peaks indicate that the coactivator in-
corporated compounds that we investigated using specific
molar ratios do not cause any significant changes in the host
structure; further, no impurity phase has been observed in any
of the compositions. Considering the effect of the ionic sizes
of the cations, we propose that Eu2+ and Mn2+ can be expected
to preferably occupy the Sr2+ and Mg2+ sites, respectively, since
the ionic radii of Eu2+ (0.109 nm) and Mn2+ (0.080 nm) are
close to those of Sr2+ (0.112 nm) and Mg2+ (0.066 nm),
respectively.

The excitation and emission spectra of Eu2+/Mn2+ codoped
SrMgP2O7, SrMg2P2O8 and Sr2Mg3P4O15 are presented in
Fig. 2. The Eu2+ ion, as a typical and highly efficient activator
with a strong, broad excitation band covering the emissions
from near UV LED chips, was doped into the host lattice used
for LEDs.19–24 Instead, the Mn2+ ion, with a transition energy
between the 4T1 and 6A1 levels, as a representative ion among
transition metal ions, has a broadband emission with colors
of green to deep red from the weak crystal field to the strong
crystal field. Firstly, we did check the emission spectra of the
Eu2+ or Mn2+ singly doped phosphors (Fig. S2†). Based on the
excitation and emission spectra, the Eu2+ activation followed
by emission is quite similar to those of Eu2+/Mn2+ codoped
samples while the Mn2+ activation is not effective in those
given phosphates except for Sr2Mg3P4O15. Thus, the effective
resonance-type energy transfer from Eu2+ to Mn2+ in strontium
magnesium phosphates host is expected to take place.

Overall excitation spectra show a broad absorption band
within the 200–400 nm ultraviolet (UV) range; this is due to
the transition from the 4f7 ground state of Eu2+ to the 4f65d1

excited state. We can obtain the specific purple-blue emission
bands at about 395–450 nm; these bands correspond to the

4f–5d transition of Eu2+, as shown in Fig. 2. For comparison,
the emission spectra of the given phosphors plot under the
same scale are presented in Fig. S3.†

In order to further understand the site occupancy of Eu2+,
an empirical relation to fit the d-band energy has been used in
the present experimental results.25 According to the report of
Van Uitert, for Eu2+ in suitable matrices, eqn (1) provides a
good fit to the emission peak and the excitation edge data.

E ¼ Q 1� V
4

� �1=V

10
�nEar
80

" #
ð1Þ

In eqn (1), E represents the position of the d-band edge in
energy for the rare-earth ion (cm−1), Q is the position in energy
for the lower d-band edge for the free ion (34 000 cm−1 for
Eu2+), V is the valence of the “active” cation, where V is 2 for
Eu2+. Ea is the electron affinity of the atoms that form anions.
Here, Ea is approximately determined at 2.5, a value similar to
those of other melilites; n is the number of anions in the
immediate shell around the “active” cation, and r is the radius
of the host cation (Sr2+) replaced by the “active” cation (Eu2+).
Therefore, we used eqn (1) and calculated the emission wave-
lengths of Eu2+ at different Sr2+ sites, with results as given in
Table 1.

As has been revealed, by comparing the measured emission
wavelengths of Eu2+ in each SrO–MgO–P2O5 host, we can infer
that the violet-blue emission centered at 395–450 nm is
induced by eight- to ten-fold the usual number of oxygen co-
ordinated Sr2+ sites. Using the molecular structure software,
ORTEP-3, it can be seen that the atomic arrangement provides
a good fit to the given results; Eu2+ with a higher coordination
number generally emits at higher energy than does a com-
pound with a lower coordination number (Fig. 3). One thing
that should be pointed out here is the presence of a high
energy shifted violet emission band of SrMgP2O7 even with the
8-fold oxygen coordinated state of Eu2+. This will be discussed
in greater detail, including the aspect of thermal quenching in
view of the crystal structure. As for the Mn2+ ion, the coordi-
nation states are slightly different for each host composition
owing to the non-stoichiometry with disordered divalent atom
sites. Generally, tetrahedrally coordinated Mn2+ ions lead
to green emission by forming a weak crystal field, while octa-
hedrally coordinated Mn2+ ions produce an orange-to-red
emission by forming a strong crystal field.14,26–29

Fig. 2 Normalized photoluminescence excitation and emission spectra
of the Eu2+ and Mn2+ codoped strontium magnesium phosphates: (a)
SrMgP2O7, (b) SrMg2P2O8 and (c) Sr2Mg3P4O15.

Table 1 Measured and calculated emission band wavelengths of Eu2+

in different ionic sites with various coordination states

Site
Coordination
number

Ionic
radii17,35/nm

Ecalc/
cm−1

λcalc/
nm

λmeas/
nm

Sr2+ 10 24 290 412
8 0.126 22 360 447 395–420
6 20 046 499 450

Mg2+ 6 0.072 — ≥560 615–680
4 — 510–540
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For SrMgP2O7 and SrMg2P2O8, the measured emission
spectra are well matched to the accommodated Mn2+ in a six-
fold coordinated site, leading to a broad red emission (λmax ≥
650 nm). For Sr2Mg3P4O15, however, the Mn2+-induced emis-
sion spectrum is substantially shifted to a short wavelength,
∼615 nm. We can speculate about the origin of the emission
band shift with regard to the atomic arrangement. According
to Hong et al.’s work, the proper Mn2+ sites in the host com-
pound are either (Mg2)O4 tetrahedra and/or MO6 octahedra,
where M (= Mg1/Sr2) represents disordered magnesium (Mg1,
64%) and strontium (Sr2, 36%) ions. The non-stoichiometry is
due to the mixing of magnesium and strontium ions at the M
site, as shown in Fig. S4.† Thus, the resulting blue-shifted red
emission band is induced by the four-fold coordinated Mn2+,
which is partially mixed with the six-fold coordinated
Mg2+.30,31 The overall coordination state of each activator ion,
Eu2+ and Mn2+, with regard to the emission spectra, is pre-
sented in Table 1.

Generally, Eu2+ can transfer its absorbed energy fully or par-
tially to Mn2+ in many Eu2+ and Mn2+ codoped hosts. Energy
transfers from the sensitizer to the activator through the
thermal activation over the energy barrier and finally the elec-
trons were positioned at the ground state, yielding a shorter
wavelength.18

Therefore, the energy transfer efficiency is strongly depen-
dent on the energy barrier Ea and the temperature T, where
temperature is more important for commercially available pc-
LEDs. The temperature variable emission spectra for the given
phosphors are presented in Fig. 4(a). Generally, the emission
intensity gradually declined with the temperature; this decline
is presented in the configurationally coordinate diagram.

Interestingly, our results clearly show that the degree of
thermal quenching of the two co-activators is different with
the varying of the host composition, which might be related to
the energy transfer efficiency as well as to the resulting color
purity, as shown in Fig. 5.

As can be seen in Fig. 4(b) and (c), the thermal quenching
data were fitted to the Arrhenius eqn (2).

ln
Io
I

� �
¼ ln A� Ea

kT
ð2Þ

where Io and I are the emission intensity for the given tempera-
ture; A is a constant; and k is the Boltzmann constant. The
activation energy (Ea) for thermal quenching was found to be

Fig. 3 Comparison of the local environment of Sr1 and Sr2 in each
strontium magnesium phosphate phosphor. Sr–O interatomic distance
(nm) also denoted (using ORTEP-3 (v 1.0.3) program).

Fig. 4 (a) Temperature variable photoluminescence emission spectra
for each strontium magnesium phosphate phosphor. The dependence
of emission intensity, ln(Io/I), on temperatures for (b) the Eu2+-induced
emission band and (c) the Mn2+-induced emission band.

Fig. 5 Change of the CIE value for the given phosphors with tempera-
tures. Arrow means temperature change from 25 °C to 180 °C.
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0.189–0.310 eV for the Eu2+-activated blue emission band and
0.248–0.342 eV for the Mn2+-activated one, respectively
(Table 2).

Apparently, the activation energies of each luminescence
center are similar, while the activation energy levels of Eu2+ in
SrMgP2O7 (0.189 eV) and Mn2+ in Sr2Mg3P4O15 (0.248 eV) are
unusually low. In SrMgP2O7 pyrophosphate, corner-sharing of
two building units, [MgO5] and [P2O7] groups, results in a
three-dimensional framework with tunnels running along
[001] and [010], in which Sr2+ ions are located. Thus, the Sr2+-
site positioned Eu2+ ions are thermally less stable than those
of other sites, which in turn leads to lower activation energy of
thermal quenching. It has been proposed that the main mech-
anism responsible for the thermal quenching of Eu2+ lumine-
scence in solids is the ionization of electrons from the lowest
energy level of the relaxed Eu2+ 4f65d1 electronic configuration
to the host lattice conduction band level.32 Hence, the acti-
vation energy is the energy required to raise electrons from the
relaxed excited level to the host lattice conduction band. The
low activation energy (Ea) for the Eu2+ emission in SrMgP2O7

implies that the highest energy level of the Eu2+ 4f65d1 elec-
tronic configurations were positioned close to the host lattice
conduction band, in comparison with that of the other SrO–
MgO–P2O5 phosphates. Based on these results, the unusual
low activation energy for Eu2+ emission in SrMgP2O7 can be
inferred to result from the Sr1–O average interatomic distance,
∼0.2641 nm, which is relatively shorter than that of SrMg2P2O8

(0.2710 nm) or Sr2Mg3P4O15 (0.2720 nm), and unfavorable Sr1
sites positioned in the three-dimensional framework with
channels along [100] and [101] of the SrMgP2O7 crystal
structure.

The spin forbidden transition 4T1g→
6A1g canyield the lumine-

scence of Mn2+ ions, which are strongly dependent on the
intensity of crystal-field splitting associated with the Sugano–
Tanabe diagram.33 The stronger the ligand field strength (Dq),
the longer the emission peak of Mn2+ ions will be. Usually, the
interatomic bond length (R) is the most significant factor for
the crystal field strength (Dq), i.e. the 10 Dq ligand field split-
ting of Mn2+ is proportional to 1/R5.34 Such a reduction of R
involves an inward ligand relaxation around the Mn2+ ions at
Mg2+ sites within various strontium magnesium phosphates.
Consequently, the emission transition moves to the red-shift
wavelength region due to the lowering of the excited states of
Mn2+. Thus, we can infer from the activation energy (calculated
in Table 2) that the crystal field strength exists in the order of
SrMgP2O7 ∼ SrMg2P2O8 > Sr2Mg3P4O15, respectively. Surely, the

data are well matched with the measured band position of the
red-emitting band induced by the Mn2+ in each of the stron-
tium magnesium phosphates, as shown in Fig. 2. As can be
seen in Fig. S4,† additional non-stoichiometry with intermixed
coordination states of Mn2+ in Sr2+xMg3−xP4O15 leads to blue-
shifted band emission, which can also be attributed to the low
activation energy of Mn2+-emission thermal quenching.

We can realize a mixed thermal behavior of individual acti-
vator ions in each of the three different host compounds,
resulting in tunable color emission within red oriented CIE. As
a result, the emission color of the given phosphors, SrMgP2O7,
SrMg2P2O8, and Sr2Mg3P4O15, can be readily changed from red
to yellow simply by adjusting the Eu2+/Mn2+ coactivators in the
SrO–MgO–P2O5 ternary system, as shown in Fig. 5. The repre-
sentative features of the CIE coordinates for SrO–MgO–P2O5:
Eu2+, Mn2+ phosphors can be tuned from violet-red (0.385,
0.175) to orange-red (0.495, 0.300) and, finally, close to pure
red (0.623, 0.280), using SrMg2P2O8, Sr2Mg3P4O15, and
SrMgP2O7, respectively.

To check the LED chip-in-package properties of the given
Eu2+ and Mn2+ codoped strontium magnesium phosphates,
LED lamps were fabricated using a near UV-chip coating with
the given phosphor compositions. The detailed LED chip fabri-
cation procedure and the emission spectra of a bare near UV-
chip under the applied power were shown in our previous
results.35,36 Fig. 6 shows the EL spectra and a captured image
of the given LED lamp using each Eu2+/Mn2+ codoped stron-
tium magnesium phosphate. Apparently, overall emission
spectra are mainly composed of red-emitting activated com-
ponents with an efficient energy transfer from Eu2+ to Mn2+ in

Table 2 Calculated activation energy (Ea, eV) of the each activator in
the given phosphors for thermal quenching

Host compound

Activator SrMgP2O7 SrMg2P2O8 Sr2Mg3P4O15

Eu2+ 0.189 0.300 0.310
Mn2+ 0.342 0.330 0.248

Fig. 6 Emission spectra of the pc-LED lamps using the given phosphor.
Inset is the representative chip image with power on.
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the SrO–MgO–P2O5 ternary system. Thus, the color purity
is adjustable in a large color range from yellow to red
using the relative molar ratio of coactivators as well as the
identical chemical composition in the SrO–MgO–P2O5 ternary
system.

4. Conclusions

As for the promise of red-emitting phosphors for pc-LEDs, the
luminescence with the thermal quenching behavior of Eu2+

and Mn2+ co-activated strontium magnesium phosphates was
investigated. Dual-band emission can be easily tuned by chan-
ging the host composition and Eu2+/Mn2+ relative concen-
tration, which leads to color tuning from violet-red, CIE (x, y) =
(0.385, 0.175), to red (0.623, 0.280). The temperature variable
luminescence behavior of both the sensitizer and the activator
ions is found to be mainly dependent on the host compound,
and thus we can meet the purposes of illuminating elements
by designing the appropriate chemical composition of a Mn2+-
activated strontium magnesium phosphate phosphor with the
optimum concentration of the sensitizer ion, Eu2+. In relation
to the crystallography analysis, we can realize that the overall
luminescence behavior of the given phosphates is mainly
induced by the Mn2+ center positioned at different coordi-
nation states with a distinct crystal field environment, i.e.,
Mg2+ sites as well as the Sr2+ sites in each host, which resulted
in widely tunable colors from pink-red through orange-red
to pure red. Notable, tunable reddish emissions are easily
generated in the SrxMgyPzOw:Eu

2+,Mn2+ phosphors by simply
adjusting the coactivator ratio and the host composition. Fur-
thermore, we have demonstrated the unique dual-band emis-
sion of the given strontium magnesium phosphates under
excited UV LEDs chip-in-package test, thus it reveals the poten-
tial application of Eu2+/Mn2+ activated SrO–MgO–P2O5 as a
red-emitting near UV pc-WLED phosphors.
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