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Eu2+–Mn2+ codoped yellow-emitting Sr9Sc(PO4)7 (SSP) phos-
phors have been synthesized by solid-state reactions. The
synthesis, structure refinement, and luminescence properties
of the obtained phosphor were investigated in detail. The ob-
tained phosphor exhibits a strong excitation band between
250 and 450 nm, matching well with the dominant emission
band of a near-UV light-emitting-diode (LED) chip. Upon ex-
citation at 365 nm, the Sr9Sc(PO4)7:Eu2+, Mn2+ phosphor

Introduction

White light-emitting diodes (LEDs) have attracted much
attention due to their high luminous efficiency, good mate-
rial stability, long lifetime, and energy savings.[1–4] The ap-
plications of these LEDs include lighting sources and back-
lit automobile lamps.[5–7] Nowadays, the most dominant
way to create a white LED is by combining a blue InGaN
chip with Y3Al5O12:Ce3+(YAG:Ce)-based yellow phos-
phors.[8–10] However, because of the deficient emission in
the red spectral region, this approach generates a cool white
light that is unsuitable for room lighting. Therefore, the lack
of a red-light component restricts their use in more vivid
applications.[11,12] Recently, white LEDs fabricated using
near-UV chips (380–420 nm) coupled with a blend of yel-
low- and blue-emitting phosphors have exhibited favorable
properties, including tunable correlated color temperature
(CCT), tunable Commission International de l’Eclairage
(CIE) chromaticity coordinates, and an excellent color ren-
dering index (CRI). Therefore, the development of new yel-
low-emitting phosphors that can be effectively excited in the
NUV range is a very important prospect that requires
prompt attention. Many yellow-emitting phosphors for
NUV LEDs have been identified and investigated, for ex-
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shows strong yellow emissions centered at 510 and 610 nm.
The energy transfer mechanism from Eu2+ to Mn2+ in
Sr9Sc(PO4)7:Eu2+, Mn2+ has been studied and demonstrated
to be a resonant type through a dipole-quadrupole mecha-
nism based on the decay lifetime data. These results indicate
that yellow-emitting Sr9Sc(PO4)7:Eu2+, Mn2+ can serve as a
promising candidate for application in white-light LEDs.

ample, Ba2Gd(BO3)2Cl:Eu2+,[13] Ba2Mg(BO3)2:Eu2+,[14]

Ba3Gd(PO4)3:Eu2+, Mn2+.[15]

At present, increasing attention has been focused on the
development of luminescent materials based on phosphate
hosts because of their easy-synthesis, high luminous effi-
ciency, and excellent thermal stability.[16–18] Recently, a vari-
ety of compounds that are structurally similar to Sr9A-
(PO4)7 have been reported in the literature, such as
Sr8MgSc(PO4)7,[19] Sr8MgGd(PO4)7,[20] and Sr8ZnSc-
(PO4)7.[21] These materials exhibit excellent photolumines-
cence properties for application in white LEDs. To the best
of our knowledge, the crystal structures and luminescence
properties of Sr9Sc(PO4)7:Eu2+, Mn2+ have not yet been re-
ported in the literature. In this study, we have demonstrated
the crystal structure of the Sr9Sc(PO4)7 phosphor and inves-
tigated the luminescence properties of yellow-emitting
Sr9Sc(PO4)7:Eu2+, Mn2+ phosphors. Moreover, the energy-
transfer mechanism between the Eu2+ and Mn2+ ions in
the host has been analyzed through the fluorescence decay
curves.

Results and Discussion

Phase Identification and Crystal Structure

The experimental (crosses), calculated (solid line), and
difference (bottom) XRD profiles for the Rietveld refine-
ment of SSP:0.03Eu2+ are shown in Figure 1. The initial
structure model that approximates the actual structure of
SSP:0.03Eu2+ was constructed with crystallographic data
previously reported for Sr9In(PO4)7.[22] SSP:0.03Eu2+ crys-
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tallizes in a monoclinic unit cell with space group I2/a and
lattice constants a = 18.02194(15) Å, b = 10.65529(8) Å,
c = 18.35774(14) Å, β = 132.93622(32)°, and V =
2580.855(36) Å3. The refinement finally converged to Rp =
2.69%, Rwp = 3.51 %, Rexp = 2.45%, and χ2 = 2.05 shown
in Table 1. The Sr2+ ions have five different sites in SSP
compounds, which are coordinated to either eight or nine
oxide ions. Sr2+ ions at the Sr4 site are disordered over two
positions near a center of symmetry. The ionic radii for
eight- and nine-coordinate Sr2+ are 1.26 and 1.31 Å, respec-
tively. However, the ionic radii for eight- and nine-coordi-
nated Eu2+ are 1.25 and 1.3 Å, respectively, and that for
eight-coordinate Mn2+ is 0.96 Å. On account of the match-
ing of ionic radii and ionic valence, we have proposed that
Eu2+ and Mn2+ are expected to randomly occupy the Sr2+

ion sites in the host structure.

Figure 1. The experimental (crosses), calculated (solid line), and
difference results (bottom) of the XRD refinement of
SSP:0.03Eu2+.

Table 1. Rietveld refinement and crystal data of Sr9Sc(PO4)7 phos-
phor.

Empirical formula Sr9Sc(PO4)7

Radiation type [Å] 1.54056
2θ range [°] 10–100
Symmetry monoclinic
Space group I2/a
a [Å] 18.02194(15)
b [Å] 10.65529(8)
c [Å] 18.35774(14)
β [°] 132.93622(32)
V [Å3] 2580.855(36)
Z 4
Rp [%] 2.69
Rwp [%] 3.51
Rexp [%] 2.45
χ2 2.05

Photoluminescence Properties

Figure 2 (a) illustrates the PLE and PL spectra of the
SSP:0.03Eu2+ sample. Upon 365 nm excitation the PL spec-
trum exhibits a broad emission band peak at 510 nm, which
is attributed to the 4f65d1–4f7 transition of the Eu2+ ions.
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The broad asymmetric PL spectrum implies that the emis-
sion spectrum consists of several broad bands, which are
ascribed to Eu2+ occupying different cation sites in the SSP
lattice. The luminescence of Eu3+ in the PL spectrum also
exists. The reason may be that Eu3+ ions occupy some sites
that make Eu3+ ions difficult to reduce to Eu2+ ions. Fig-
ure 2 (b) shows the PLE and PL spectra of the
SSP:0.10Mn2+ sample. The PLE spectrum (330–500 nm)
shows several bands centered at 344, 355, and 404 nm,
which are assigned to the transitions from 6A1(6S) to
4E(4D), 4T2(4D), and [4A1(4G), 4E(4G)] levels of Mn2+,
respectively.[23] The PL spectrum shows a broad emission
band centered at 610 nm ascribed to the spin-forbidden
4T1(4G)–6A1(6S) transition of the Mn2+ ions.

Figure 2. PL and PLE spectra for SSP:0.03Eu2+ (a), SSP:0.10Mn2+

(b), and SSP:0.03Eu2+, 0.10Mn2+ (c).

As shown in Figure 2 (a) and Figure 2 (b), there is a sub-
stantial spectral overlap between the emission band of the
Eu2+ ions and the excitation band of the Mn2+, indicating
a favorable condition for possible energy transfer between
the sensitizer Eu2+ and the activator Mn2+ in the SSP host.
Moreover, Figure 2 (c) shows further evidence for the en-
ergy transfer in that the PLE spectrum monitored for the
emission of Mn2+ is consistent with that monitored for the
emission of Eu2+.[24] Upon excitation at 365 nm, the PL
spectrum of the SSP:0.03Eu2+, 0.10Mn2+ phosphor appears
not only as a yellowish-green band from the Eu2+ ions but
also as a red band from the Mn2+ ions. Therefore, we can
adjust the relative intensity of the emission bands by tuning
the amount of Mn2+ ions, and multicolor emission can be
obtained in a single host through the principle of energy
transfer. Accordingly, a series of samples have been pre-
pared. The Eu2+ content is fixed at 0.03, whereas the Mn2+

content is varied from 0 to 0.30. Figure 3 shows the emis-
sion spectra of the SSP:0.03Eu2+, xMn2+ phosphors (x =
0, 0.05, 0.10, 0.20, 0.30) under 365 nm excitation. The inten-
sity of Eu2+ yellowish-green emission decreases monotoni-
cally with increasing Mn2+ content. In contrast, the inten-
sity of Mn2+ red emission increases gradually until the
Mn2+ concentration is above 0.10. The apparent decrease
in the PL intensity for Mn2+ with x�0.10 is primarily due
to the concentration quenching effect.
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Figure 3. PL spectra of SSP:0.03Eu2+, xMn2+ phosphors with dif-
ferent doping contents x at the excitation wavelength of 365 nm.

The fluorescent decay curves of the Eu2+ ions in the
SSP:0.03Eu2+, xMn2+ samples were measured by monitor-
ing the emission of the Eu2+ ions at 510 nm as presented in
Figure 4. One can see that the decay curves of the Eu2+ ions
deviate slightly from a single exponential rule at lower
Mn2+ doping content and the deviations become more ob-
vious with an increase in the Mn2+ concentration. Because
all the decay curves deviate from single exponential decay,
the average fluorescence lifetime was defined as the follow-
ing formula [Equation (1)][25,26]

(1)

where ID(t) is the fluorescence intensity at time t with nor-
malized initial intensity. The fluorescence lifetimes of Eu2+

were calculated according to Equation (1). In the
SSP:0.03Eu2+, xMn2+ samples, as the value of x increases

Figure 4. Decay curves of Eu2+ fluorescence in SSP:0.03Eu2+,
xMn2+ (excited at 355 nm, monitored at 510 nm). Inset: energy-
transfer efficiency with different doping Mn2+ contents.
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from 0 to 0.30, the lifetime for Eu2+ is found to decrease
monotonically from 633, 580, 530, 488, to 456 ns, which is
strong evidence for the energy transfer between Eu2+ and
Mn2+.

The energy transfer efficiency was defined as the ratio of
donors that are depopulated by acceptors through energy
transfer over the total number of donors that are excited in
the presence of the acceptor. Assuming that all excited
Mn2+ ions decay radiatively, the energy transfer efficiency
(ηT) from Eu2+ to Mn2+ can be calculated according to the
data of average lifetime by Equation (2).[27]

(2)

τ and τ0 are the decay time of the sensitizer Eu2+ in the
presence and absence of the activator Mn2+, respectively.
On the basis of Equation (2), the energy transfer efficiency
(ηT) was calculated and is displayed in the inset of Figure 4.
The results indicate that the energy transfer efficiency from
Eu2+ to Mn2+ is effective and depends strongly on the dop-
ing content of the Mn2+ ions in the SSP host. Obviously, it
is known from the inset of Figure 4 that the energy-transfer
efficiency from the Eu2+ to Mn2+ ions increases gradually
with an increase in Mn2+ concentration.

The decay curves that deviate from single exponential de-
cay become more obvious with an increase in the Mn2+

concentration x, reflecting the effect of energy transfer.
Generally speaking, the energy transfer from Eu2+ to Mn2+

ions occurs through multipolar interactions. When the do-
nor and acceptor ions are uniformly distributed in the host
and the migration processes are negligible compared with
the energy transfer between donors and acceptors, then the
normalized intensity of the donor fluorescence decay curves
follow the Inokuti–Hirayama (I–H) model equation for
multipolar interactions [Equation (3)][28]

(3)

where ID(t) and ID0(t) is the decay function of donors in the
presence and absence of the activator Mn2+, respectively. Q
is the energy-transfer parameter, τ0 is the intrinsic decay
time of the donors in the absence of acceptors. The value
S = 6, 8, and 10, corresponding to dipole–dipole, dipole–
quadrupole, and quadrupole–quadrupole interactions,
respectively. By modifying Equation (3), the value of S can
be determined from the relationship shown in Equation (4).

(4)

In order to get a correct S value, we plotted the decay
curves using Equation (4). This plot should yield a straight
line with a slope equal to 3/S. Figure 5 displays the fitting
results of the SSP:0.03Eu2+, xMn2+ samples. The value of
S estimated from the slope was found to be 7.5, 7.69, and
8.57 for SSP:0.03Eu2+, xMn2+ samples with x = 0.05, 0.20,
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and 0.30, respectively. These values are nearly coincident
with the conventional value of S = 8. This result indicates
that the dominant interaction mechanism for energy trans-
fer from Eu2+ to Mn2+ in the SSP host is based on the
dipole–quadrupole interaction.

Figure 5. Plotted log{ln [ID0
(t)/ID(t)]} vs. log (t) for SSP:0.03Eu2+,

xMn2+ phosphors.

According to the dipole–quadrupole interaction mecha-
nism, the critical distance between Eu2+ and Mn2+ is given
by spectral overlap methods [Equation (5)][29]

(5)

where fq is the oscillator strength of the involved absorption
transition of the acceptor (Mn2+), λS (in angstroms) is the
wavelength position of the sensitizer’s emission, E is the en-
ergy involved in the transfer (in eV), and �FS(E)FA(E)dE/
E4 represents the spectral overlap between the normalized
shapes of the Eu2+ emission FS(E) and the Mn2+ excitation
FA(E), and in our case it is calculated to be about
0.0174 eV–5. Using the above equation with fq = 10–10, the
critical distance of energy transfer was calculated to be
10.4 Å.

Figure 6 shows the Commission Internationale de
l’Eclairage (CIE) chromaticity coordinates of
SSP:0.03Eu2+, xMn2+ phosphors with different Mn2+ con-
tents excited at 365 nm, which were calculated from the cor-
responding PL spectra. As the content of Mn2+ increased
from 0 to 0.30, the corresponding color tone of the phos-
phor shifted from yellowish-green (A) to yellow (E). The
corresponding chromaticity coordinates are listed in
Table 2. Accordingly, near-UV excited white LED systems
with improved chromaticity quality can be fabricated by
combining near-UV LED chips with blue-emitting
BAM:Eu2+ (BaMgAl10O17: Eu2+) and our developed
SSP:Eu2+, xMn2+ phosphors. White light with a tunable
correlated color temperature (CCT) in the region of the tri-
angle AEK (Figure 6) can be achieved by simply adjusting
the Mn2+ content (x) in the SSP:0.03 Eu2+, xMn2+ host.
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Figure 6. CIE chromaticity diagram for the SSP:0.03Eu2+, xMn2+

phosphors excited at 365 nm.

Table 2. CIE chromaticity coordinates of the Sr9Sc(PO4)7:0.03Eu2+,
xMn2+ samples excited at 365 nm.

Sample (x) (x,y)

0 (0.385, 0.500)
0.05 (0.421, 0.480)
0.10 (0.437, 0.475)
0.20 (0.442, 0.473)
0.30 (0.447, 0.470)

Conclusions

In summary, we have synthesized a series of novel emis-
sion tunable SSP:Eu2+, xMn2+ phosphors by a solid-state
reaction. The obtained phosphor exhibits a broad exci-
tation band in the 250–450 nm near-ultraviolet region,
which matches well with near-UV chips. By adjusting the
doping content ratio between Eu2+ and Mn2+, the emission
could be tuned from yellowish-green to yellow. The energy
transfer from the Eu2+ to Mn2+ ions has been demonstrated
to be a resonant type from a dipole–quadrupole mechanism
based on the Inokuti–Hirayama model, and the energy
transfer efficiency increases with an increase in Mn2+ con-
centration The critical distance was calculated as 10.4 Å.
These results indicate that SSP:Eu2+, xMn2+ phosphors
may be used as yellow components in the fabrication of
white LEDs excited by near-UV LED chips.

Experimental Section
Materials and Synthesis: The Sr8.97–xSc(PO4)7 (SSP):0.03Eu2+,
xMn2+ phosphors were synthesized by a high-temperature solid-
state reaction. The constituent oxides or carbonates SrCO3

(99.9%), Sc2O3 (99.9%), (NH4)2HPO4 (99.9%), Eu2O3 (99.99%),
and MnCO3 (99.99%) were employed as the raw materials. The
starting materials were thoroughly ground in an agate mortar, and
the homogeneous mixture was transferred to an alumina crucible
and calcined in a furnace at 1400 °C for 4 h under a reducing atmo-
sphere of 5% H2/95 % N2.
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Measurements and Characterization: Powder X-ray diffraction
(XRD) data were collected using Cu-Kα radiation (λ = 1.54056 Å)
with a Bruker D8 Advance diffractometer equipped with a linear
position-sensitive detector (PSD-50m,M. Braun), operating at
40 kV and 40 mA over the range 10–100°. Crystal structure refine-
ment employed the Rietveld method, as implemented in the Full-
prof program.[30] The measurements of photoluminescence (PL)
and photoluminescence excitation (PLE) spectra were performed
by using a Hitachi F7000 spectrometer equipped with a 150 W xe-
non lamp. In fluorescence lifetime measurements, the third har-
monic (355 nm) of a Nd-doped yttrium aluminum garnet laser
(Spectra-Physics, GCR130) was used as an excitation source, and
the signals were detected with a Tektronix digital oscilloscope (TDS
3052). All the measurements were performed at room temperature.
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