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The red-emitting phosphors of Eu3+ -doped Sr9−x La1+x (PO4 )7−x (SiO4 )x (x = 0, 1, 3, 5, 7)
were prepared via a solid-state reaction method. The structural and the optical properties were
investigated by using X-ray powder diffraction (XRD) and photoluminescence (PL) measurements,
respectively. An analysis of the XRD patterns revealed that the crystal structure changed from a
whitlockite to an apatite structure with increasing x. A Rietveld refinement of Sr9 La(PO4 )7 (x =
0) and Sr2 La8 (SiO4 )7 (x = 7) was performed to obtain more detailed information on the crystal
structure. In the PL excitation spectra, with increasing x, the charge-transfer-band (CTB) shifted
towards longer wavelengths with enhanced excitation intensity. However, the excitation intensity
from the f -f transition of Eu3+ centered at 393 nm decreased. The PL spectra showed a strong red
emission (5 D0 → 7 F2 ) and a considerable orange emission (5 D0 → 7 F1 ). To obtain insight into the
possible structural changes, the Judd-Ofelt theory are used to calculate the experimental intensity
parameters Ω2 and Ω4 . The red-emitting Sr9−x La1+x (PO4 )7−x (SiO4 )x (x = 0, 1, 3, 5, 7) phosphors
can play key roles for phosphor-converted white-light-emitting diodes (pc-LEDs).
PACS numbers: 78.55.−m, 78.55.Hx
Keywords: Luminescencen, Phosphor, Judd-Ofelt theory

I. Introduction
In recent years, phosphor converted white light emitting diodes (pc-LEDs) have attracted considerable attention due to several advantages, such as high physical
and chemical stability, long lifetime, and eco-friendliness
[1–5]. The most widely used pc-LEDs are made by combining a blue LED chip and yellow-emitting phosphor
YAG: Ce3+ [6]. The pc-LEDs based on YAG: Ce3+
phosphors have a high efficiency, but the emission is relatively weak in the red region, which is difficult to get
a good color for indoor lighting. The alternative way
is to combine the tri-color phosphors on near UV chips,
such as BaMgAl10 O17 : Eu2+ (blue), ZnS: Cu+ , Al3+
(green), and Y2 O2 S: Eu3+ (red) [7–9]. However, the red
phosphor Y2 O2 S:Eu3+ has lower efficiency than green
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and blue phosphors. Therefore, it is necessary to develop an effective luminous red phosphor to solve these
problems. To find efficient red-emitting phosphors, one
of the important factor is the choice of the activator. As
well-known, Eu3+ ion has been considered as an efficient
red-emitting activator due to the 5 D0 –7 FJ (J = 0, 1, 2, 3,
4) transitions, therefore, many Eu3+ -doped red-emitting
phosphors have been studied [10,11]. In general, the excitation band of Eu3+ consists the charge transfer band
in the short-wavelength UV region and the direct excitation band in the near UV region, which matches well
with the near UV chip [12].
The selection of appropriate host environment is very
important to improve the performance of Eu3+ redemissions. Whitlockite and apatite types of structures
are the most efficient host materials [13–23] because of
their promising properties such as excellent thermal and
chemical stability, high luminescence efficiency, and the
ability to produce plenty of crystal field environments
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imposed on emission centers upon activation using rare
earth ions [24–27].
In the present study, altering Sr2+ with La3+ and
(PO4 )3− with (SiO4 )4− led a change of the coordination environment of the Eu3+ ions with the crystal structure evolution. The phase was studied based on the Xray diffraction (XRD), and crystal structure was confirmed through Rietveld refinement analysis. The relationship between the crystal structure evolution and
the CTB position was investigated in detail by using
the photoluminescence excitation (PLE) and photoluminescence (PL) spectra. The luminescence properties
were congruent with the theoretical predictions. To investigate the covalence and surrounding environment
of the occupied site, the Judd-Ofelt analysis was applied. To the best of our knowledge, Eu3+ -activated

Fig. 1.
(Color online) (a) The XRD patterns of
Sr9−x La1+x (PO4 )7−x (SiO4 )x : 0.03Eu3+ (x =0, 1,
3, 5, 7) and the standard card of Sr9 La(PO4 )7 ,
Sr2 La9 (SiO4 )7 . and (b) the magnified XRD patterns in
the region of 28–35◦ .

Sr9−x La1+x (PO4 )7−x (SiO4 )x has not been reported un-

III. Results and discussion

til now.

1. Phase characterization

II. Experimental

The XRD patterns of Sr9−x La1+x (PO4 )7−x (SiO4 )x :
0.03Eu3+ (x = 0, 1, 3, 5, 7) phosphors are shown in

1. Synthesis

Fig.
The samples with the formula Sr9−x La1+x (PO4 )7−x
(SiO4 )x : 0.03Eu

3+

(x =0, 1, 3, 5, 7) were prepared

1.

The concentration of Eu3+ was fixed to 3

mol% in all samples since the optimized concentration
in Sr9 La(PO4 )7 system has been reported to be 3 mol%

SrCO3 (99.995%),

[28]. The diffraction peaks of the synthesized samples

La2 O3 (99.99%), (NH4 )2 HPO4 (99.9%), SiO2 (99.9%),

corresponding to x = 0 and x = 7 were consistent with

and Eu2 O3 (99.99%) were thoroughly mixed by grind-

those of JCPDS No. 080-1614 and No. 053-029, re-

ing. The ground mixture of starting materials was placed

spectively. The XRD results show that the structure

into an alumina crucible for preheating at 600 ◦ C for

of Sr9−x La1+x (PO4 )7−x (SiO4 )x : 0.03Eu3+ changed with

2h. After cooling down to room temperature, the pre-

an increase of the x value. The Sr9 La(PO4 )7 (x = 0) and

via solid state reaction method.

heated mixture was ground to improve the homogeneity
◦

and heated again at 1300 C for 4h.

Sr2 La8 (SiO4 )7 (x = 7) samples changed from whitlockite (space group: R3m) to apatite (space group: P 63 /m).
The magnified XRD patterns in the region of 28–35◦ are
pictured in Fig. 1(b). With an increase of the x-value,

2. Characterization and optical measurements

the main peak of the whitlockite centered at 29.6◦ decreased, however, the main peak of apatite positioned at

The phase of all samples was verified using powder Xray diffraction (XRD) with CuKα radiation. The pho-

30.7◦ increased.
To

further

confirm

the

Sr9 La(PO4 )7

and

toluminescence (PL) and photoluminescence excitation

Sr2 La8 (SiO4 )7 ,

Rietveld refinement was performed

(PLE) spectra were measured using a Photon Technol-

on the basis of XRD patterns using the software

ogy International Fluorimeter (PTI, USA) with a 60 W

General Structure Analysis System (GSAS).

Xe-arc lamp as the excitation light source. All measure-

ure 2 shows the Rietveld refinement results of the

ments were performed at room temperature.

Sr9−x La1+x (PO4 )7−x (SiO4 )x : 0.03Eu3+ (x = 0 and 7).

Fig-
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Fig. 2. (Color online) Rietveld refinement of XRD patterns of (a) Sr9 La(PO4 )7 (x =0, whitlockite) and (b)
Sr2 La8 (SiO4 )7 (x =7, apatite).
Figure 2(a) shows the crystal structure of Sr9 La(PO4 )7
(x = 0) which belongs to whitlockite based structure of
R3m space group with parameters of a = b = 5.38 Å , c
= 19.82 Å , α = β = 90◦ , γ = 120◦ , and V = 497.34 Å 3 .
The fit parameters obtained from the observed XRD
data were Rwp (Weighted profile R factor) = 6.25%

Fig. 3. (Color online) The crystal structures of (a)
Sr9 La(PO4 )7 (x =0) and (b) Sr2 La8 (SiO4 )7 (x =7).
Table 1. Eu–O covalence distances & coordination number.
Whitlockite
CN = 6
CN = 10

Eu–O distance (Å )
2.568
2.677

Standard deviation
0
0.108

Apatite
CN = 7
CN = 9

Eu–O distance (Å)
2.534
2.629

Standard deviation
0.139
0.141

and Rp (Unweighted profile R factor) = 4.10%. Figure
2(b) shows the crystal structure of Sr2 La8 (SiO4 )7 (x =
7) which belongs to apatite based structure of P 63 /m
space group with parameters of a = b = 9.69 Å , c =
7.23 Å , α = β = 90◦ , γ = 120◦ , and V = 587.33 Å 3 .
The fit parameters obtained from the observed XRD
data were Rwp = 10.14% and Rp = 6.38%.
The crystal structures of Sr9 La(PO4 )7 (x = 0) and
Sr2 La8 (SiO4 )7 (x = 7) has two different kinds of coordination environment sites, respectively, as shown in
Fig. 3. Both of whitlockite and apatite crystal structures, Sr2+ and La3+ ions are located at the same crystalline sites, and there are two different cation sites that
are mutually independent. The average bond lengths
between the two different Sr2+ /La3+ sites and oxygen
were 2.568 Å

and 2.677 Å

phor and 2.534 Å
phosphor.

in Sr9 La(PO4 )7 phos-

and 2.629 Å

in Sr2 La8 (SiO4 )7

The average distances are listed in Table

1. The substitution of larger [SiO4 ]4− tetrahedrons as
compared to smaller [PO4 ]3− tetrahedrons should have
caused the reduction of the bond lengths of Eu3+ –O2−
in Sr9−x La1+x (PO4 )7−x (SiO4 )x phosphors.
Figure

4(a)

shows

the

excitation

Sr9−x La1+x (PO4 )7−x (SiO4 )x :

3+

0.03Eu

spectra

of

(x = 0, 1,

3, 5, 7) obtained by monitoring the emission wavelength
at 614 nm. Each excitation spectrum consists broad
absoRp tion band between 200–350 nm and narrow
absoRp tion bands in the range of 350–500 nm.

The

broad excitation band, also called as charge transfer
band (CTB), is attributed to the charge transfer between
the totally filled 2p orbital of O2− ion and the partially
filled 4f orbital of the Eu3+ ion [29–31]. The narrow
excitation band is attributed to intra-configurational
f -f transition from the ground state 7 F0 of Eu3+ .
The shaRp peaks at 360, 380, 393, 413 and 462 nm
were ascribed to the 7 F0 → 5 D4 , 5 F7 , 5 L6 , 5 D3 ,
5
D2 transitions of Eu3+ ion, respectively. As the x
value increased, it should be noted that the positions
of the CTB shifted toward longer wavelengths from
272 nm to 291 nm with enhancement of the excitation
intensity. The relationship between the CTB position
and intensity is schematically shown in Fig. 4(b). The
replacement of smaller [PO4 ]3− tetrahedrons with larger
[SiO4 ]4− tetrahedrons resulted in the contraction of the
distance between europium and oxide. Consequently,
the red shifts with enhancement of the excitation
intensity in CTB is attributed to the increase of crystal
field strength around charge transfer state of Eu3+ due
to the shortage of the ligand distances.
Figure 5(a) and (b) show the emission spectra under
the excitation wavelength of 393 nm and 290 nm, respectively. The PL intensities are followed by the intensity of
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Fig. 4.
(Color online) (a) PLE spectra of
Sr9−x La1+x (PO4 )7−x (SiO4 )x : 0.03Eu3+ (x =0, 1,
3, 5, 7) monitored at 614 nm. (b) The relationship
between the peak position of the charge transfer band
and emission intensity of Sr9−x La1+x (PO4 )7−x (SiO4 )x :
0.03Eu3+ (x =0, 1, 3, 5, 7).
the PLE in Fig. 4(a). The energy of CTB centered at 290
nm in PLE spectra is highly dependent on crystal field
strength, however, the energy of intra-configurational f f transition centered at 393 nm in PLE spectra is independent on crystal field strength. The 7 FJ energy levels
of Eu3+ ions are segregated into several components between 550 and 750 nm which can be ascribed to the 5 D0
→ 7 FJ (J = 0, 1, 2, 3, 4) transitions of Eu3+ ion [32–
34]. All of the Sr9−x La1+x (PO4 )7−x (SiO4 )x : 0.03Eu3+
phosphors show strong red emission at 614 nm radiated
from forced electric dipole transition of 5 D0 → 7 F2 and
considerable orange emission at 590 nm radiated from
magnetic dipole transition of 5 D0 → 7 F1 . The emissions
at 655 and 702 nm of Eu3+ ions were attributed to the
5
D0 → 7 F3 and 5 D0 → 7 F4 transitions, respectively. To
verify the asymmetric of the Eu3+ site, the intensity ratio of 5 D0 → 7 F2 transition to 5 D0 → 7 F1 transition are
shown in Fig. 5(c). This ratio is a suitable index of the
symmetry of the Eu3+ site. When the Eu3+ ions occupy
a low symmetry site with a non-inversion center, the intensity of 5 D0 → 7 F2 transition gets more pronounced
than the 5 D0 → 7 F1 transition. It is apparent that the
asymmetry ratio of Sr2 La8 (SiO4 )7 (x = 7) is much higher
than that of Sr9 La(PO4 )7 (x = 0). As can be seen in Fig.
3, the sites for Sr2 La8 (SiO4 )7 (x = 7) are asymmetrical,
while Sr9 La(PO4 )7 (x = 0) sites are relatively symmetrical. Also, the larger value of the standard deviation
(in Table 1) substantiates the asymmetry environment
in Sr2 La8 (SiO4 )7 (x = 7). Evidently, the variation observed in the asymmetry ratio of the emission spectrum
is well consistent with the crystal structures.
The CIE chromaticity coordinates of Sr9−x
La1+x (PO4 )7−x (SiO4 )x (x = 0, 7) system are shown in

Fig. 5. (Color online) (a)PL spectra of Sr9−x La1+x
(PO4 )7−x (SiO4 )x : 0.03Eu3+ (x =0, 1, 3, 5, 7) monitored at (a) 393 nm and (b) 290 nm.
(c) The
ratio of I(ED)/I(MD) of Sr9−x La1+x (PO4 )7−x (SiO4 )x :
0.03Eu3+ as the function of x.

Fig. 6. Under 393 nm excitation, the Sr9 La(PO4 )7 (x =
0) phosphor emitted considerable orange-red emission:
(x, y) = (0.62, 0.38) and the Sr2 La8 (SiO4 )7 (x = 7)
phosphor emitted standard red emission: (x, y) = (0.63,
0.37). The difference of color is associated with the host
environment where Eu3+ ion is replaced.

2. Judd-Ofelt Parameters

In order to get a deeper understanding of the local
structure and bonding in the vicinity of rare earth ions,
the experimental intensity parameters of Ω2 and Ω4 were
calculated from the emission spectra using Judd-Ofelt
analysis [35]. This technique is based on the fact that
the intensities of the 5 D0 → 7 F2 , 5 D0 → 7 F4 , and 5 D0 →
7

F6 transitions are solely dependent on the Ω2 , Ω4 , and

Ω6 parameters, respectively. In the trivalent europium
ions, the 5 D0 → 7 F1 transition possesses solely magnetic
dipole character, whereas the other 5 D0 → 7 FJ (J = 2, 4,
6) transitions are electric dipole. The transition intensity
ratio between electronic dipole and magnetic dipole can
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Table 2. Summary of the radiative parameters calculated
using emission spectra under 393 nm excitation.
SAMPLE
Ω2 (10−20 cm2 ) Ω4 (10−20 cm2 )
Sr9 La(PO4 )7 : Eu3+
1.742
1.363
Sr8 La2 (PO4 )6 (SiO4 ): Eu3+
1.909
1.503
Sr6 La4 (PO4 )4 (SiO4 )3 : Eu3+
2.313
1.572
Sr4 La6 (PO4 )2 (SiO4 )5 : Eu3+
2.419
1.653
Sr2 La8 (SiO4 )7 : Eu3+
2.420
1.945

around the Eu3+ ions. The largest Ω2 value was identified in the sample of x = 7, and the sample of x = 7 is
apatite structure which has the lowest symmetry without inversion center of the Eu3+ site. It is believed that
these findings are consistent with the results of the above
experiment.

IV. Conclusions
Fig. 6. (Color online) CIE coordination of Sr9−x La1+x
(PO4 )7−x (SiO4 )x : 0.03Eu3+ (x = 0, 7) under 393 nm
excitation.
be expressed as follows:
∫
Ied (v)dv
Aed
=∫
Amd
Imd (v)dv
3

=

e2 K ed (n2 + 2)2 )
2
× Ωf × ⟨ΨJ| U J |Ψ′ J ′ ⟩
Smd K 3md
9n2
(1)

Where, e (=4.803 × 10−10 esu) is elementary charge, Smd
is the 5 D0 → 7 F1 (magnetic dipole transition) strength
with fixed value which is independent of luminescent
host. K is the average energy of 5 D0 → 7 FJ (J = 1,
2, 4, 6) transition, n is the index of refraction of the
host, ΩJ (J = 2, 4, 6) are Judd–Ofelt intensity parame⟨
⟩2
ters, and ΨJ U J Ψ′ J ′ is the square of reduced matrix
elements whose values are independent of the chemical
environment of the ion (0.0032 for 5 D0 →7 F2 , 0.0023 for
5

D0 →7 F4 , and 0.0002 for 5 D0 →7 F6 ) [36–38]. The cal-

culated parameters are listed in Table 2. In particular,
the changed value of Ω2 provides necessary information

In this study, the Sr9−x La1+x (PO4 )7−x (SiO4 )x :
0.03Eu3+ (x = 0, 1, 3, 5, 7) phosphors were synthesized
via solid state reaction method. The crystal structure
changes from whitlockite to apatite with an increase of
the x value. In the PLE spectrum, as the x value increases, the peak positions of the charge transfer band
shifts from 272 nm to 291 nm with enhancement of intensity. The substitution of larger [SiO4 ]4− tetrahedrons as
compared to smaller [PO4 ]3− tetrahedrons have caused
the reduction of the bond lengths of Eu3+ -O2− , and resulted in the increase of the strength of covalent bonds.
The increased value of Ω2 under Judd-Ofelt theory well
matched with the results of Rietveld refinements. The
larger value of Ω2 follows the stronger covalent chemical bonding and lower symmetry site. The considerable
orange-red emission of the Sr9 La(PO4 )7 (x = 0) phosphor and standard red emission of the Sr2 La8 (SiO4 )7
(x = 7) phosphor under 393 nm excitation support the
consistent of J-O theory. The development of such a
novel Sr9−x La1+x (PO4 )7−x (SiO4 )x : 0.03Eu3+ (x = 0, 1,
3, 5, 7) red phosphor could be a valuable technological
achievement.

regarding the covalence and the evolution in the structure around the Eu3+ ion due to the hypersensitivity of
the 5 D0 → 7 F2 transition [39,40]. Among the J-O theory, the value of Ω2 is closely associated with the crystal
field and larger value of Ω2 usually means low symmetry
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