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Abstract

Color tunable yellow-emitting phosphors of Srs_s5,Eus(PO4),Si04 (x = 0.05-0.15) were prepared by conventional solid-state reaction method.
The X-ray powder diffraction patterns, the photoluminescence excitation and emission spectra were measured. The main excitation bands of the
phosphors locate at a broad band extending from 300 to 500 nm, which can match the emission of ultraviolet- and blue-emitting diode chips. The
tunable luminescence color was realized by the changing Eu®* doping in Srs(PO4),SiO4. The structure and luminescence properties were
investigated. Srs_s,(PO4),Si04:Eus, displays two typical luminescence centers, which originate from two different Str?* (Eu?*) sites in the host.
The site-occupation, the luminescence intensity and energy transfer between the Eu®* ions occupying two different crystallographic Sr** sites were
discussed on the base of the luminescence spectra and crystal structure. This is helpful to improve this phosphor for a potential application as a

white light emitting diode phosphor.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The luminescent properties of Eu?*-doped solids have been
intensively investigated in many kinds of hosts during the past
decades [1-3]. In recent years, Eu**-doped phosphors have
attracted further attentions for their significant applications in
white light-emitting diodes (W-LEDs) because they absorb
ultraviolet or blue (380—460 nm) light from LED chips and
efficiently emit visible light [4-10]. The color temperature is
important for the lighting of W-LEDs and it becomes an
important challenge for improving white light [11].

The luminescence spectra of Eu®*-doped apatite and its
variations with the formula of My(PO4)¢X> (M = Ca, Sr, Ba;
X =F",Cl",Br,OH") have been extensively studied [12]. For
example, Sr5(P04)3(Cl,F):Eu2+ is an efficient phosphor for
compact fluorescent lamp [13,14]. Eu2+-d0ped Bas(POy)s.
CL:Eu®* is a promising material for X-ray imaging [15].
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Phosphors with apatite-structure have recently been confirmed
to be suitable for field-emission displays (FEDs) and W-LEDs
because of their low price, environmental friendliness, and
thermal stability [16].

Apatite structure can be modified by a wide range of cationic
and anionic substitutions [17]. For example, in Srig(PO4)¢X>
(X=F, ClI', Br, OH") Ilattice, the substitutions of
(SiO4)4_ — (PO4)3_ + X~ is possible. The X content goes
down with increasing (Si04)4_ substitution because of the
difference in effective charges between (PO4)37 and (SiO4)47
groups. The composition Srs(PO,4),(Si04) need not to have any
halogen. Blasse et al. reported the luminescence spectra and the
energy transfer of the non-equivalent Eu®" sites in Srs(POy),.
SiO4 [18]. Recently, it has been confirmed that Sr5(POg4),(-
Si0,):Eu”* has a potential application as a W-LEDs phosphor
due to its efficient luminescence and an excellent thermal
stability on temperature quenching [19].

In apatite structure, the (SiO,)*~ substitution has a great
influence on the luminescence properties of Eu®* ions. For
example, the photoionization of Eu’" ions in Ba;o(PO,4)¢Cl, can
be enhanced with increasing substitution of (SiOy)*~ for
(PO4)*". This is attributed to the rigid covalent surroundings of
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the (SiO4)4_ network enhancing the scope for electron transfer
reaction leading to the enhancement of the photo-ionization
process [12]. Usually, the luminescence spectra of Eu**-doped
apatite present the narrow blue bands corresponding to the
41°5d" — 4£7(3S,,,) allowed electric dipole transition, e.g.,
Srs(PO,);F:Eu”" (440 nm) [20], Srs(PO,);Cl:Eu** (445 nm or
447 nm) [21,22]. In comparison with Eu®"-doped apatite
phosphates, the emission bands of Eu2+-d0ped Sr5(PO4),S104
shift to longer wavelength at 495 and 560 nm. The red-shift of
emission band has been explained by the influence of
substitution of silicate groups for phosphates with increasing
structural disorder.

In this work, the luminescence properties of Eu**-doped
Sr5(P0O,4),Si0,4 were further investigated. The X-ray powder
diffraction and the detailed emission and excitation spectra
were measured in the samples with the different Eu** doping.
The dependence of luminescence colors and the excitation
spectra on Eu®*-doping were investigated. The spectroscopic
results are discussed in relation to the existence of different
crystallographic sites in Eu2+-d0ped Sr5(PO4),Si0;,.

2. Experimental

The phosphors of Srs_s,Eus (P0O,4),S104 (x =0.005, 0.03,
0.05,0.07,0.1, 0.13, 0.15) were prepared by conventional solid-
state reaction method. The starting materials were SrCOj;
(99.99%), NH4H,PO4 (99.99%), SiO, (99.99%), and Eu,03
(99.99%). The stoichiometric chemicals were weighed and
thoroughly mixed in an agate mortar, then transferred to a
corundum crucible and heated at 350 (in air), 850 (in air) and
1300 °C (in reductive atmosphere) for 15 h, respectively.

The phase purity was checked by powder X-ray diffraction
(XRD) analysis collected on a Rigaku D/Max diffractometer
operating at 40 kV, 30 mA with Bragg—Brentano geometry
using Cu Ko radiation (A = 1.5405 A). The photoluminescence
excitation and emission spectra were recorded on a Perkin-
Elmer LS-50B luminescence spectrometer.

3. Results and discussion
3.1. The phase formation and crystal structure

All the samples were checked by powder XRD measure-
ments. Fig. 1 shows the XRD patterns of Sr(PO,4),Si04:Eus,
(x=0.005, 0.05, 0.07, 0.1, 0.13, 0.15). All the samples except
for Srs_s.Eus,(PO4),Si0, (x=0.13, 0.15) are in good
agreement with the JCPDs files No.21-1187 of Sr5(P0O,),SiOy,
indicating a Sr5(PO,4),Si0, single phase structure. In the Eu?*-
heavily doped samples (x = 0.13, 0.15) another impurity phase
of Sr,P,0; (JCPDs No. 21-1187) was created. The syntheses of
these two samples were repeated for three times. The results
indicated that the impurity phase of Sr,P,0; always appeared
when the doping of Eu®* exceeded 13 mol%.

Sr5(PO4),>(810,) is isostructural with Srs(PO,4);(CLF), which
crystallizes in the well-known apatite structure in the space
group P6;/m with Z = 2 [18]. In this apatite-like structure, there
are two non-equivalent crystallographic sites for the Sr, namely
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Fig. 1. XRD patterns of Srs_5,Eus,(PO,4),SiO,4 (x = 0.005, 0.05, 0.07,0.1,0.13,
0.15) prepared by solid-state reaction. * denotes the impurity phase of Sr,P,0;.
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Fig. 2. (a) The schematic views of Sr5(PO,),SiO;, structure along c-direction,
the numbers “1°” and “2” denote Srl and Sr2, respectively. (b) The comparison
of the coordination geometries around the Srl and Sr2.

Srl (Srin a column) at z = 0 and 3/4, and Sr2 (Sr screw axis) at
z=1/4 and 3/4 [23,24]. Fig. 2 illustrates schematic views of the
Sr5(PO4)»(Si0y) structure along c-direction and the comparison
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of the coordination geometries around the Srl and Sr2. The
sites Srl, occupy 4f Wyckoff position (C5 point symmetry) with
9-fold coordination. And the site Sr2 is at the 64 Wyckoff
position (Cg symmetry) with 7-fold coordination. This apatite
structure can be represented as [Sr1]4[Sr2]¢(PO4)4(Si04),. The
jonic radii of Eu®* ions are r=1.2 A (coordination number
CN=7)andr=1.3 A (CN =9).The Sr** jons have bigger radii
of r=135A (CN=7) and r=1.45A (CN =9) [25]. There-
fore, Eu** ions should occupy statistically both Srl and Sr2
cation positions in the Sr5(PO4),(Si0,) lattices.

3.2. The luminescence emission and excitation spectra

Fig. 3(a) shows the luminescence spectra of Srs_s,Eus,(-
(PO,4),Si04 (x = 0.005-0.15) under the excitation of 395 nm.
The dependence of the total experimental luminescence intensity
on the Eu** doping concentrations is shown in inset in Fig. 3(b).
The luminescence intensity of Srs_s5,Eus,(PO4),(Si0y4) increases
with increasing the Eu**-doping until a maximum intensity about
x = 0.05isreached, and then it decreases because of conventional
concentration quenching process [19].
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Fig. 3. (a) The normalized luminescence spectra of Srs_s,Eus,(PO4),SiO4
(x=0.005, 0.03, 0.05, 0.07, 0.1, 0.13, 0.15) under the excitation of 395 nm.
(b): a representative deconvoluted emission spectrum (x = 0.05), the insets are
the dependence of the total experimental luminescence intensity on the Eu**
doping concentrations and the relative intensity ratio between Eul and Eu2:

IEuI/IEuZ~

The spectra of Srs_s,Eus,(PO4),Si04 (x = 0.005, 0.03, 0.05,
0.07, 0.1) display a broad emission band from 400 to 700 nm
ascribed to 4f°5d' — 4f7(SS7,2) transitions of Eu®" ions.
However, the luminescence spectra of Srs_s.Eus (PO4),Si04
(x=0.13, 0.15) show a abrupt change, which display two
clearly separated emission bands at 420 nm and 580 nm. The
blue emission band at 420 nm might be from Sr2P207:Eu2+
[26]. The mixed crystal phase of Sr,P,O; and Sr5(PO,4),Si0,
was observed in XRD results of Srs_sEus (P04),SiO4
(x=0.13, 0.15) (Fig. 1).

The emission band of Srs_sEus, (P0O,4),Si0, (x = 0.005,
0.03, 0.05, 0.07, 0.1) shows the obvious asymmetric shapes,
indicating the existence of two different luminescent centers
[19]. It can be clearly found in Fig. 3(a) that the luminescence
intensities of Eul and Eu2 have great changes with increasing
the Eu®* doping. All the spectra could be reproduced as a
superposition of at least two Gaussian components. Fig. 3(b) is
the representative Gaussian fitting into two components peaked
at 485 nm (Eul) and 580 nm (Eu2) for the emission spectra of
Srs_s,Eus,(PO4),Si04 (x = 0.05). The relative intensity ratio
between Eul and Eu2: Ig,/Ig,, was calculated by the
deconvoluted emission intensities from each spectra of
Srs5_s,Eus,(PO,4),Si04 (x = 0.005, 0.03, 0.05, 0.07, 0.1) and
displayed in inset in Fig. 3(b). The contribution of the Eu**
luminescence from the Eu2 becomes larger with increasing the
Eu”* doping. Blasse et al. ascribed this to the energy transfer
from Eul to Eu2 [18]. Consequently, in Eu®" doped
Sr5(PO4),Si0y,, the emission red-shift was also observed from
the high energy center of 480 nm to low energy center 540 nm
with increasing of Eu®* doping (Fig. 3(a)).

In the structure of Sr5(PO,4),SiO4, there are two non-
equivalent sites as shown in Fig. 2(b). Srl ions occupy the 4f
site surrounded by nine oxygen atoms with C; symmetry. The
Sr2 ions in the 6 h site are surrounded by seven oxygen atoms
with Cg symmetry [27,28]. The Sr2 is more distorted that that of
Srl. And the bond-length of Sr2-O is shorter than that of Sr1—
O. Thus, in Sr5_s,Eus,(P0,4),S104 (x = 0.005, 0.03, 0.05, 0.07,
0.1) the high-energy emission at 485 nm (Eul) originates from
the Eu?* ions which occupy loose crystal circumstance with
larger Sr—O bond length (Sr1 site); and the low-energy emission
at 580 nm (Sr2 site) are ascribed to the Eu* ions occupying
compact crystal circumstance with shorter Sr2—O bond length
(Sr2).

Fig. 4 shows the CIE chromaticity diagram for Srs_s,Eus,(-
(PO4),Si04 (x = 0.005, 0.03, 0.05, 0.07, 0.1, 0.13, 0.15). With
increasing Eu?*-content from x=0.005-0.1, the emission
changes in color from yellowish-green (0.387, 0.577) to deep-
yellow (0.455, 0.493), which is consistent with the red-shift of
emission spectra. Srs_sEus,(PO4),Si04 (x=0.13) and
Srs_s5,Eus,(PO4),Si04 (x=0.15) present white and blue
luminescence, respectively. It is believed that this phosphor
Srs_s,Eus,(PO,4),Si04 has the potential of being a color tunable
W-LED material by adjusting the Eu** doping concentrations.

The white luminescence from a single phase in Srs_s,Eus,(-
(PO4),S104 (x = 0.13) is very valuable. However, this phosphor
presents weak luminescence intensity because of concentration
quenching, and the exact content of the impurity of Sr,P,07 in
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Fig. 4. CIE chromaticity coordinates of Srs_s,Eus,(PO,4),SiO4 (x =0.005—
0.15)calculated from Fig. 3(a).

the synthesis is not easy to be controlled. Further experiments
could be further investigated on this phenomenon.

The normalized excitation spectra of the emission bands at
485 nm and 580 nm are shown in Fig. 5(a) and (b), respectively,
which consist of the broad absorption bands from 4f-5d
transition of Eu”* ions. The different excitation spectra in Fig. 5
for the two emission bands Eul and Eu?2 testify the two distinct
Eu®* centers in Srs(PO4),Si0,. With increasing the Eu?*
doping, the excitation spectra move from near UV band around
400 nm to blue region around 450 nm. This indicates that the
Srs5_5,Eus,(PO4),S104 (x = 0.005, 0.03, 0.05, 0.07, 0.1, 0.13,
0.15) phosphors can well match with both the UV-LED (360-
400 nm) and blue-LED chips (450 nm), which is essential for
improving the efficiency of W-LEDs. The excitation spectra of
Sr5_5,Eus,(PO4),Si0, is very different from the Eu** doped
apatite phosphates, where the excitation of Eu®* only presents
absorption bands in the near UV (350—400 nm).

3.3. The luminescence characteristics of
SF(PO4)ZSi04.'EM5x

Sr5(P0O,4),S10,4 has an apatite structure. In comparison with
Eu’*-doped apatite phosphates, the luminescence of
Srs5_s5,Eus,(PO,4),S104 (x =0.005, 0.03, 0.05, 0.07, 0.1) have
two distinct characteristics. Firstly, the emission spectra of
Eu2+-d0ped Sr5(P0O,4),S10, are shifted to higher wavelength at
485 and 580 nm, which could be assigned to the Srl and Sr2
sites, respectively. Eu?*-doped Srs(PO4),SiO4 shows yellow-
ish-green to yellow luminescence color. However, the
luminescence of Eu?*-doped apatite phosphates only gives
blue emission, e.g., Sr5(P04)3F:Eu2+ (440 nm) [20], (Ca,Mg)s(-
PO4)3C1:Eu2+ (458 nm) [16], Sr5(PO4)3CI:Eu2+ (445 nm or
447 nm) [21,29], and Cas(PO,);Cl: Eu?* (457 nm) [22].

Secondly, Srs_s,Eus, (PO,4),Si0,4 show two distinct emission
bands and the luminescence wavelength positions have great
red-shift from Eul to Eu2 with increasing of the Eu®* doping
levels. However, in Eu®* doped apatite phosphates, the
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Fig. 5. The normalized excitation spectra of Srs_s.Eus,(PO4),SiO4
(x=10.03, 0.05, 0.07, 0.1, 0.13) by monitoring the emission from 485 nm
(a) and 580 nm (b).

emission of Eu®* show narrow emission band with nearly no
shift, for example, the emission wavelength positions of
Cas(PO4);F:Eu”"  (\em=440nm), and Ms(PO,);Cl:Eu”*
M =Ca (457 nm), Sr (447 nm) and Ba (436 nm) have not
obvious dependence on the Eu** doping levels [22].

This can be explained by the influence of substitution of
silicate groups for phosphates with increasing structural disorder.
The lattice structure of Srs(PO4),PO, can be evolved from
Sr5(PO,4)3(F,Cl) by the substitution:
Si0,*” = (PO,)*~ + (EC1) . In this substitution, some vacancies
on original (F,Cl)” sites can be created. The Sr5(PO,);(F,Cl)
lattice is constituted by the (PO,)*~ tetrahedral and gives little
distortion, while the Sr5(P0O,4),Si0, lattice is made of (SiO4)4_
and (PO,)*~ network giving rise to a considerable readjustment
in the Si—O bond lengths. This is the main difference between
these two cases. Thus the Sr5(P0O,),Si0, lattice has a distorted
site symmetry by the absence of mirror plane perpendicular
(symmetry element/m) to the c-axis with the lattice symmetry
lowered to P accompanying the silicate substitution [29].

Jagannathan et al. [12] have suggested that when a part of the
(PO4)*~ anionic network of the matrix is replaced by the more
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covalent (SiO4)4_ in apatite, a more covalent (SiO4)4_ may
further suppress the lowest excited (the emitting state) state
when compared to the (PO,)*~ only system. The Eu”* ions
experience stronger crystal field strength, leading to the
emission maximum shifted to longer wavelengths.
Eu**-doped Srs(PO,);Cl is one of well known lamp
phosphors. The luminescence quantum efficiency (QE) of
SlrS(PO4)3C1:Eu2+ is 85% under excitation of 254 nm [30]. Blasse
et al. reported that the QE of Srs(P0O,),Si0,4:Eu®* is moderate
(10-15% for 254 nm excitation) [18]. This low QE values are due
to the fact that 254 nm is not an efficient excitation wavelength
(Fig. 5). A higher QE of Srs(PO,),SiO4:Eu** could be expected
under the excitation of near UV light about 400 nm. The new
investigations for the QE values of Srs(P0O,),Si0:Eu*t with
different Eu** doping will be conducted in the future.

4. Conclusions

In conclusion, Srs_sEus,(P0O4),Si0, (x =0.005-0.15)
phosphors have been prepared by high temperature solid-state
reaction. The distinct characteristics of SrS(POA;)ZSiOA;:Eu2+
different from the Eu®*-doped apatite phosphates were
discussed. The Srs_sEus,(PO4),Si0, (x = 0.005-0.1) display
characteristic two-peak emission spectra with high energy
emission band at 485 nm (Eul) from Eu®* at Srl site and the
other one 580 nm (Eu2) red-shifted one from Eu* at Sr2 site.
With increasing the Eu®*-concentration below 10%, a red-shift
in the emission band is observed from 485 nm (0.5% Eu**)
(yellowish-green) to 580 nm (10% Eu*) (deep-yellow). This is
ascribed to energy migration and energy transfer between the
two Eu®* sites. The relative contribution of Eu2 luminescence
can be enhanced in a comparison with that of Eul with
increasing the Eu** doping in Srs_s,Eus,(P0O4),SiO4
(x=0.005-0.1). Heavily Eu®*-doped samples, Srs_sEus(-
(PO4)2$104 (x = 013) and Sr5,5xElI5x(PO4)QSiO4 (.X = 015),
present white and blue luminescence, respectively. But these
two samples present weak luminescence intensity because of
concentration quenching. The excitation spectra Srs_s,Eus, (-
(PO4),S104 (x=0.005-0.15) display a broad wavelength
region from 400 nm to 500 nm, matching with both the UV-
LED chips and blue chips. Srs_s,Eus(PO,4),Si04 phosphors
have the potential of being a color tunable W-LED material by
controlling the Eu®* doping concentrations.
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