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A series of Eu3+ ions doped Sr9Sc(PO4)7 orange–red emitting phosphors have been prepared by solid-state
reaction method. Photoluminescence properties under near-ultraviolet (NUV) light excitation of the sam-
ples have been carried out. The studies show that the samples can be effectively excited by NUV (394 nm)
which matches to the output wavelengths of near UV chips and exhibits intense orange–red emissions.
Eu3+ concentration was found to be optimum at x = 0.4 and the thermal quenching temperature of Sr9-

Sc(PO4)7:0.4Eu3+ is above 200 �C. Thus, the intense orange red emitting phosphor could be a promising
phosphor candidate in generating white light combined with the NUV chip.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Phosphor-converted white light emitting diodes (LEDs) are re-
garded as a new lighting source for the next generation [1–3].
The present technical bottleneck is that the as-resulted white light
is cool, which lacks color richness. The white LEDs demand red
phosphors excited by blue or near ultraviolet (NUV) LED chips
[4,5] The commercial red phosphor Y2O2S:Eu3+ shows lower
efficiency under NUV or blue light excitations and instability [6].
Recently, some nitrides and oxy-nitrides-based compounds have
been demonstrated to be good red phosphors with high thermal
stability [7–9]. However, very high firing temperatures and high
nitrogen pressures are required for their synthesis, resulting in
higher production cost. Therefore, it is very urgent to develop the
chemically stable, environmentally friendly and high efficiency
phosphors to meet the requirements for solid state lighting.

Trivalent Eu ion is considered to be one of the most important
activators that emits in red color regions and many investigations
have been done in many types of host materials, e.g. borates, alu-
minates, silicates, vanadates, phosphates, etc. [10–17]. Among
them, Eu3+-doped phosphates have been paid more attention due
to their easy-synthesis, low-cost and chemical/thermal-stabilities
over a wide range of temperatures [17–19].

In this paper, the orange–red phosphor of Eu3+ ions doped Sr9-

Sc(PO4)7 was synthesized by a solid state reaction. The lumines-
cence properties were investigated and discussed in detail. The
results show the promising application of the as-prepared phos-
phor in the lighting field.
2. Experimental

The Sr9Sc1�x(PO4)7 (SSP):xEu3+ phosphors have been prepared by conventional
solid-state reaction. The starting materials, analytical grade, SrCO3, Sc2O3,
(NH4)2HPO4 and Eu2O3 were employed as the raw materials, which were mixed
homogeneously by an agate mortar and pestled for 30 min, placed in a crucible with
a lid, and then sintered at 1400 �C for 4 h in air.

Powder X-ray diffraction (XRD) data were collected using Cu-Ka radiation
(k = 1.54056 Å) on a Bruker D8 Advance diffractometer. The photoluminescence
(PL) and photoluminescence excitation (PLE) spectra were measured using a HIT-
ACHI F-7000 spectrometer. The temperature-dependent luminescence properties
were measured on the same F-7000 spectrophotometer, which was combined with
a self-made heating attachment.
3. Results and discussion

3.1. Crystal structure

Fig. 1 shows the XRD patterns of the SSP:xEu3+ samples. All of
the diffraction peaks are indexed to the standard data of Sr9-

Sc(PO4)7 (JPCDS card No. 54-1186) and no other phase is detected,
indicating that the obtained samples are single phase and the acti-
vator ions have been successfully incorporated in the host lattices.
The positions of the diffraction peaks were found to gradually
move to the low degree with increasing the Eu3+ doping concentra-
tion x from 0.1 to 0.8, which implies that most Eu3+ (REu = 0.947 Å,
CN = 6) ions with large ionic radius substitute Sc3+ (RSc = 0.745Å,
CN = 6) ions with small ionic radius.
3.2. Photoluminescence properties of SSP:Eu3+

The PLE and PL spectra of SSP:0.4Eu3+ are shown in Fig. 2. The
excitation spectrum detected at 590 nm consisted of a broad band
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Fig. 1. (a) XRD patterns for the samples SSP:xEu3+ (x = 0.1–0.8). (b) Enlarged peaks
in various XRD patterns.

Fig. 2. PLE (kem = 590 nm) and PL (kex = 394 nm) spectra for SSP:0.4Eu3+.

Fig. 3. Dependence of emission intensity of SSP:xEu3+ on the Eu3+ concentration.
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which is attributed to the O2�–Eu3+ charge transfer band (CTB) and
a group of sharp lines in longer wavelength region. The sharp exci-
tation peaks between 300–500 nm are assigned to the 4f ? 4f for-
bidden transitions of Eu3+ in the host lattice, those are correspond
to the ground state 7F0 to the excited levels 5F4 (298 nm), 5H6

(320 nm), 5D4 (362 nm), 5L7 (382 nm), 5L6 (394 nm), 5D3

(417 nm), 5D2 (466 nm) transition of Eu3+ [20,21]. The strongest
excitation line at 394 nm contributes to the 7F0�5L6 transition in
the near-UV region, which matches well with the commercial
near-UV LED chip.

Under the excitation of 394 nm, the phosphor SSP:0.4Eu3+

exhibits intense orange–red emission. The spectrum consists of
several emission lines in the region from 570 to 725 nm, originat-
ing from the transitions of the excited state 5D0 to the ground
states 7FJ (J = 0–4). It is well known that 5D0 ?

7F2 electronic dipole
transition is super sensitive to the symmetry of occupied site,
while 5D0 ?

7F1 magnetic dipole transition is insensitive to that.
In a site with an inversion symmetry, the magnetic dipole transi-
tion 5D0 ?

7F1 is dominant, while in a site without inversion sym-
metry, the 5D0 ?

7F2 electronic transition becomes the strongest
one. Therefore, the (5D0 ?

7F2)/(5D0 ?
7F1) intensity ratio can be

used as a measure of the site symmetry of Eu3+. The asymmetry ra-
tio of Sr9Sc(PO4)7:0.4Eu3+ is 1.5. In this phosphor, the emission
intensities from electric dipole 5D0 ?

7F2 transition and magnetic
dipole 5D0 ?

7F1 transition have comparable intensities, indicating
that more than one Eu3+ site in this host could be expected. How-
ever, there is only one Sc3+ sites in the host. That is say, part of the
Eu3+ ions occupy Sr2+ sites. The detailed structure of Sr9Sc(PO4)7 is
not clear at present. The remained investigations of the structure
and the site-selective luminescence should be conducted in the
future experiments.

In order to obtain the best doping concentration of Eu3+, a series
of SSP:xEu3+ phosphors have been prepared. Fig. 3 presents the var-
iation of PL intensities (integrated area from 550 to 725 nm) with
different Eu3+ concentration. The PL intensity increases initially
with the increase of Eu3+ concentration, and reaches the maximum
at x = 0.4. Then, it decreases with the further increase of Eu3+ con-
centration due to the concentration quenching effect. When Eu3+

concentration is low, the interaction of Eu3+–Eu3+ can be almost
neglected and the emission intensity increases with the increase
of Eu3+ concentration. With the further increase of Eu3+ concentra-
tion, the enhanced nonradiative energy transfer between Eu3+ ions
will decrease the fluorescence intensity. According to Blasse, the
critical distance Rc between two activator ions for most effective
energy transfer in phosphors can be calculated from the critical
concentration of the activator ion [22]
Rc � 2
3V

4pxcN

� �1=3

ð1Þ

where V is the volume of the unit cell, xc is the critical concentra-
tion, and N is the number of lattice sites in the unit cell that can
be occupied by the activator ion. For the SSP host, N = 4, xc = 0.4,
and V = 2580.86 Å3, the obtained Rc value is 14.55 Å.

Non-radiative energy transfer between different Eu3+ ions may
occur by radiation reabsorption, exchange interaction, or multipo-
lar interaction. The mechanism of radiation reabsorption comes
into effect only when there is a broad overlap of the emission spec-
trum of the sensitizer and the excitation spectrum of the activator.
In the present case, Eu3+ ion shows the forbidden 4f ? 4f transition
and there is no overlap between the excitation and emission
spectra, the radiation reabsorption is unlikely to be occurred. The
exchange interaction is generally responsible for the energy trans-
fer of forbidden transition and the typical critical distance is about
5Å [23]. However, the calculated Rc value of SSP:Eu3+ is larger than
5 Å, which implies that the exchange interaction is ineffective
between Eu3+ in this phosphor [24]. The electric multipole interac-
tions between Eu3+ ions are weak due to the weak oscillator



Fig. 5. The activation energy of the SSP:0.4Eu3+ phosphor.
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strength of 7F0 ?
5D0 [25]. The possible mechanism of energy

transfer in SSP:xEu3+ is under investigation.

3.3. Effect of crystallographic sites of Eu3+ on the spectra

According to the PL properties in Fig. 2, it is deduced that Eu3+

occupy Sc3+ and Sr2+ sites, whereas the charge compensation
mechanism must be considered as Eu3+ ions occupy the Sr2+ sites.
There are two possible ways [26]:

First, Eu3+ ions substitute for the Sr2+ site and combine with Sr
vacancy

2Sr2þ ! 2Eu3þ þ V 00Sr ð2Þ

in which Eu3+ ions combine with Sr2+ vacancy to form the dipole
complexes of [2ðEu3þ

Sr Þ
� � V 00Sr].

The other charge compensation mechanism is related to the
interstitial anion which can be expressed by the formula (3):

2Sr2þ ! 2Eu3þ þ O00i ð3Þ

In this way, Eu3+ ions form the dipole complexes of
[2ðEu3þ

Sr Þ
� � O00i ]. VSr 00 is an Sr vacancy with two negative charges

and the O00i are interstitial anion. The (Eu3þ
Sr )� represents a Eu3+

cation on a Sr2+ site with a positive charge.
Considering the above mentioned charge compensation mecha-

nism, the substitution of Sr2+ sites by Eu3+ will lead to the abnor-
mality of crystal structure through forming the cation vacancy
and interstitial anion in the hosts. The aberrance of the host micro-
structure increase the probability of the optical excitation which is
trapped at defects or impurity sites causing the non-radiative
relaxation of Eu3+. This is the reason for decrease in PL intensity
beyond the critical concentration as shown in Fig. 3.

3.4. Thermal quenching properties

Thermal stability is an important technological parameter for
pc-WLEDs. Fig. 4 shows the temperature-dependent relative emis-
sion intensities of SSP:0.4Eu3+ phosphors measured at 23–220 �C
under excitation at 394 nm. The decrease of emission intensity
with increasing temperature can be attributed to the thermal
quenching effect [27,28]. The thermal quenching temperature
(T50) is defined as the temperature at which the emission intensity
is 50% of its original value [28]. When the temperature was
increased to 100 �C, the relative emission intensity of SSP:0.4Eu3+

decreased to 88%. At 200 �C, the relative emission intensity of
Fig. 4. Temperature dependence of the relative emission intensity for SSP:0.4Eu3+

phosphor under 394 nm excitation.
SSP:0.4Eu3+ remained at 69% of that measured at 25 �C. The results
show that the value of T50 for the phosphor is above 200 �C, indi-
cating that this phosphor have good thermal stability. As seen in
the Fig. 5, the relationship of the relative emission intensities with
temperature can be used to calculate the activation energy (Ea)
from thermal quenching using the following equation [29]:

IT ¼
I0

1þ A expð�DE=kBTÞ ð4Þ

where I0 is the initial emission intensity, IT is the intensity at differ-
ent temperatures, DE is activation energy of thermal quenching, A is
a constant for a certain host, and kB is the Boltzmann constant
(8.617 � 10�5 eV/K). The activation energy DE was calculated to
be 0.20 eV for the SSP:0.4Eu3+ phosphor.

4. Conclusions

Sr9Sc(PO4)7:xEu3+ phosphors were prepared through solid state
reaction. Structural and optical studies of the samples were carried
out. Photoluminescence studies showed that the Eu3+ ions occupy
Sc3+ and Sr2+ sites in SSP phosphor, thereby favoring the multiband
emission. Meanwhile, the samples can be effectively excited by
near UV (394 nm) light nicely matching to the output wavelengths
of near UV chips and exhibits intense orange–red emissions. Eu3+

doping concentration was found to be optimum at x = 0.4 and
the thermal quenching temperature of SSP:0.4Eu3+ is above
200 �C. Thus, the intense orange red emitting phosphor could be
used as potential orange–red emitting phosphor candidate for
n-UV based white-LEDs.
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