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Abstract

Novel Eu’*-activated M, Sn(PO,), (where M = S, Ba) red-emitting phosphors were synthesized via conven-
tional solid-state reaction method at 1200 °C for 2 h. The luminescence properties of the prepared samples
and quenching concentration of Sr, Sn(PO ), xEu’t and Ba, Sn(PO,), xEu’t were investigated. These phos-
phors can be efficiently excited by UV (395 nm) and visible blue (465 nm) light nicely matching the output wave-
lengths of the near-UV LEDs and InGaN blue LED chips and emit the red light. The critical concentrations
of the Ew’* activator were found to be 0.175mol and 0.21 mol per formula unit for Sr, Sn(PO,), xEw’* and
Ba, Sn(PO,) :XEu’*, respectively. The M, Sn(PO,), :xEw’* (M = Sr, Ba) phosphor may be a good candidate
for light-emitting diodes application.
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I. Introduction research has been carried out on rare-earth- doped phos-
phors because of several important superior properties,
such as luminescent characteristics,stability in vacuum,
and corrosion-free gas emission under electron bom-
bardment compared with traditional cathode ray tube
used in current field emission displays [7,8]. Trivalent
Eu ion, as one of the promising species that provide
optical emission in red colour regions, has been doped

Solid state lighting based on InGaN light-emitting
diodes (LED) shows significant potential for replacing
conventional lighting sources, such as incandescent and
fluorescent lamps, because of their high luminous effi-
ciency, energy-saving, long lifetime and environmental
protection. In this field, there are three different methods

that can be used to realize white light emitting: 1) red- 4, yarjous compounds [9-11]. However, to the best of
green-blue (RGB) light emitting diode chips combined 1 kpowledge, there is no report on the research of

directly, 11) blue-LED Chlp combined with yellow (or M SH(PO ) (M = Sr Ba) phOSphOI‘ activated by rare
. 7 476 ’
green and red) wavelength conversion phosphor and iii) o4 1th or transition metal.

near-ultraviolet LED chip combined with RGB wave- In this work. new luminescent material

length COHYEfSiOH phospho.r[l—S]. _ _ M,Sn(PO,),:Eu** (M = Sr, Ba) was synthesized,
Inorganic phosphors typically consist of an inert host its luminescence properties and the Eu’* concen-

lattice that is doped with activator ions, usually transi- . .. .
. Lo tration dependence of the emission properties were
tion (3d) or rare-earth (4f) metals. The host lattice is . .

investigated.

transparent for the incident radiation and the activator

is excited to emit photons [6]. In recent years, extensive .
I1. Experimental
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Strontium carbonate SrCO; (A.R.), barium carbon-
ate BaCO; (A.R.), tin dioxide SnO, (A.R.), ammo-
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nium dihydrogen phosphate NH,H,PO, (A.R.), and
europium oxide Eu,O; (A.R.) were taken as start-
ing materials. Stoichiometric amounts of these mate-
rials were weighted as the nominal composition of
M7_xSn(PO4)6:xEu3+ (where M = Sr, Ba and x = 0,
0.035, 0.07, 0.105, 0.14, 0.175, 0.21, 0.245). Then they
are blended and mixed in agate mortar. The finely
ground powders were directly placed in a high dense
Al O, crucible and processed by conventional solid
state reactions route at 1200 °C for 2h at ambient air
atmosphere. Following reactions occurred, where M =
Sr or Ba:

(7-x)MCO, + SnO, + 6 NH,H,PO, + %Eu203 —
M,_ Sn(PO,),: xEu** + 6NH; + 9H,0 + (7-x)CO, (1)

The structure of M7Sn(PO4)6:Eu3+ phosphors was
identified by recording the powder X-ray diffraction
(XRD) patterns using X’pert PRO X-ray diffractome-
ter with CuK,; radiation (1 = 1.54056 A). Scanning
electron microscope (SEM, PHENOM Pr) was em-
ployed to analyse the morphology and microstruc-
ture of the typical Sr6‘868n(PO4)6:0.14Eu3+ and
Bay ¢Sn(PO,), :0.14 Eu** phosphors. Excitation and
emission spectra were measured at room temperature by
using Hitachi F-4500 spectrofluorometer equipped with
a 60 W Xenon lamp as excitation source.

III. Results and discussion

Figure 1 shows the typical XRD patterns of the
M,_Sn(PO,), :xEu®* samples, where M = Sr or Ba
and x = 0 or 0.14. The XRD patterns of the samples
Sr;Sn(PO,), and Sr6‘86Sn(PO4)6:O.l4Eu3+ matched
well with JCPDS 33-1355 card (corresponding to
cubic Sr,Sn(PO,),), and the XRD patterns of the
samples Ba,Sn(PO,), and Ba6_86Sn(PO4)6:O.l4Eu3+
agreed well with JCPDF 34-0064 card (correspond-
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ing to cubic Ba,Sn(PO,),). In all the samples no char-
acteristic peaks of the raw materials or other impu-
rities were detected. The diffraction peak positions
and relative intensities of the samples Sr,Sn(PO,)
and Ba,Sn(PO,), are consistent with the JCPDS val-
ues. In contrast, a slight diffraction angle shift to
higher angles are observed in the diffraction patterns
of the doped samples (St ¢Sn(PO,):0.14Eu** and
Bag ¢,Sn(PO,),:0.14 Eu’") suggesting a decrease in the
interplanar distance, which is due to the two main rea-
sons: i) the substitution of Sr>* (the ionic radius of
0.127 nm) and Ba?* (the ionic radius of 0.143 nm) by
Eu** with smaller ionic radius (0.113 nm) and ii) va-
cancy in structure introduced by unequal valence sub-
stitution according to equation (2). In addition, the XRD
patterns also indicate that Eu** does not significantly in-
fluence the structure of the host, and the single-phased
phosphors can be obtained successfully in our experi-
mental conditions.

2Eu’* + 3M*" — 2Euy, + Vy; (M = Sror Ba) (2)

SEM analyses were employed to inves-
tigate the morphology and particle size of
the samples St 4SN(PO,), : 0.14Eu’* and
Bag ¢(Sn(PO,),: 0.14 Eu’*. The typical morpho-
logical images, represented in Fig. 2, show that both
of these phosphors have regularly shaped individual
particles with clearcut edges, which indicates excellent
crystallinity of phosphors. The surface of the powders
has many pores and voids. They may be formed by
volatile gases exiting matrix (CO, and NH;, equation
(1)). The micrograph referring to the obtained phos-
phors shows the presence of large agglomerates in the
irregular rigid block form of approximately 10 um. The
average grain size is on micrometric scale.

The fluorescence  excitation spectra  of
the samples St g6Sn(PO )¢ : 0.14Eu** and

13216_86Sn(PO4)6:0.14Eu3+ were shown in Fig. 3.
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Figure 1. X-ray diffraction patterns of: a) Sr,Sn(PO,); and Sr 3,Sn(PO,):0.14 Eu* and b) Ba,Sn(PO,), and
Baﬁ_sﬁsn(PO4)6 :0.14 Eu*
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Figure 2. SEM images of: a) Sr, 4,Sn(PO,),:0.14 Eu** and b) Ba, 4,Sn(PO,),:0.14 Eu** phosphor
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Figure 3. Excitation spectra of Sr, 4, Sn(PO,),:0.14 Eu** and
Bag 4Sn(PO,) :0.14 Eu** samples

They exhibit similar excitation bands positions and
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stem from the same electronic state. The excitation
bands located at 362nm, 393 nm, 413 nm and 463 nm
are attributed to the 7F0—> 5D1, 7F0—> 5L6, 7F1—> 5D3
and 7F0—> 5D2 transitions of Eu3+, respectively, and
the 7F0—> 5L7 transition of Eu®" splits into two bands
located at 376 nm and 382 nm. These phosphors can be
excited with wavelengths of 395 nm and 465 nm nicely
in agreement with the widely applied near-UV LEDs
and InGaN blue LED.

The emission spectra of the host M,Sn(PO,), and
doped Mg ¢Sn(PO,),:0.14 Eu’* samples (M = Sr, Ba)
were shown in Fig. 4. The emission spectra of the
St ¢6Sn(PO, ) :0.14 Eu** phosphor under 395 nm and
465nm excitation show roughly the same emission
bands, except for the difference in intensity (Fig. 4a).
The emission bands at about 591 nm, 610nm and
647 nm are assigned to transitions of "Dy— F, (J =
1-3), respectively. The emission bands at about 576 nm
and 696 nm are supposed to be the host-related excita-
tion, ascribing to the overlapping of the host (its emis-
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Figure 4. Emission spectra of: a) host Sr,Sn(PO,), and doped Sr; 4Sn(PO,),:0.14 Eu** samples; and b) host Ba,Sn(PO,), and
doped Bag 4 Sn(PO,), :0.14 Eu** samples
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sion spectrum is the yellow line in Fig. 4a) with *D,—
7F0 and 5D0—> 7F4, respectively. Apart from above
obvious emission bands, the excitation spectra of the
St 46Sn(PO,)(:0.14 Eu** phosphor contain two weak
shoulder bands at about 553 nm and 565 nm, which is
consistent with results of the excitation spectrum of the
host Sr;Sn(PO, ),.

As it can be seen from Fig. 4b, similar to the
St g6Sn(PO,):0.14 Eu’* phosphors, there is only a tiny
distinction in intensity between the emission spectra of
the Bag 4Sn(PO,), :0.14 Eu** phosphors under 395 nm
and 465 nm excitations. Nevertheless, the 5D0—> F r
(J = 0-4) transition of Eu’* emission bands exhibit
slight blue-shifted emissions (relative to the correspond-
ing emission bands in the emission spectra of the sample
St 46Sn(PO,):0.14 Eu’*) located at 576nm, 586 nm
and 588 nm (split into two bands), 609 nm, 649 nm and
694 nm, respectively. It is because the electronegativity
of Ba (0.89) is smaller than that of Sr (0.95), which
makes the bonding strength between Ba®* and nega-
tively charged phosphate groups stronger than that of
Sr** [12], leading to the energy transmission of the
Ba,;Sn(PO,), host lattice (absorbing group [PO,]) to the
activation centre and the following electromagnetic ra-
diation [13] is higher. This is also in accordance with the
splitting comparison of Eu** 5D0—> 7F1 transition in the
samples Ba,Sn(PO,), and Sr;Sn(PO,). Definitely, the
weak shoulder excitation bands below 560 nm originate
from the host lattice excitation as it can be concluded
from the comparison to the excitation spectrum of the
host Ba,Sn(PO,),. The emission intensity correspond-
ing to the 465 nm excitation is slightly lower than that of
395 nm because of the relatively lower absorption at this
wavelength (Fig. 4). The appearance of the host lattice
excitation bands in the excitation spectra of phosphors
indicates that there exists efficient energy transfer from
the host lattice of M,Sn(PO,), (M = Sr, Ba) to Eu’*
ions.

It is well known that the efficient Eu’*-activated
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phosphors mainly depend on the absorption of the host
and energy transfer efficiency [14]. It can be concluded
from these results that PO43’ plays an important role
in this novel phosphor. It absorbs the energy and then
transfers it to Eu®*, which increases the excited energy
of Eu** and enhances the emission efficiency. Accord-
ingly, the novel phosphor could be regarded as an effi-
cient luminescent material.

The change of emission intensity and wavelength for
the samples M,Sn(PO,), :Eu** (M = Sr, Ba) as a func-
tion of Eu®* concentration (x=0.005,0.01, 0.015, 0.02,
0.02, 0.025, 0.03 and 0.35) was shown in Fig. 5. For
both investigated systems lower Eu®* doping concen-
trations lead to weak luminescence, while higher dop-
ing beyond an optimum causes concentration quench-
ing of the Eu** emission. The highest integrated emis-
sion intensity is noted at the Eu®>* concentration taken
as the critical concentration. Generally, energy migra-
tion processes increase the probability that the optical
excitation is trapping at defects or impurity sites, en-
hancing non-radiative relaxation. As the excitation en-
ergy migrates among a large number of centres be-
fore being emitted, the excitation energy may trans-
fer between the close Eu’" ions by the exchange in-
teraction. With the increase in Eu®* concentration, the
average distance between Eu®* jons decreases. This
favours the energy transfer, and the critical concen-
tration corresponds to the sufficient reduction in the
average distance. Further reduction leads to cross re-
laxation namely above mentioned non-radiative relax-
ation, which causes concentration quenching. On the
other hand, a decrease in the activator concentration de-
creases the energy stored by the ions. In the specific
systems such as M7Sn(PO4)6:Eu3+ (M = Sr, Ba), the
critical concentration of the activator (Eu>*) was found
to be 0.175mol and 0.21 mol per formula unit for the
Sr,_ Sn(PO,), :xEu’* and Ba,_Sn(PO,), :xEu’", respec-
tively. This result is mainly attributed to two reasons:
i) the unit cell volume of Ba,Sn(PO,), (12299 A3) is
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Figure 5. Emission spectra of: a) Sr;  Sn(PO,), :xEu’* and b) Ba, Sn(PO,), xEu* (where x = 0.035, 0.07, 0.105, 0.14, 0.175,
0.21, 0.245)
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much larger than that of Sr,Sn(PO,), (10599 A3), which
causes increase in the critical concentration to achieve
the best average distance of Eu®* ions in two extremely
similar cubic crystal structures; ii) the stronger interac-
tion between activation centres with the host structure
in Ba;_ Sn(PO,), :xBu®* weakens the energy migration
and the cross relaxation between the activation centres.

IV. Conclusions

The novel red phosphors M, Sn(PO,): xEu*
(where M = Sr, Ba and x = 0, 0.035, 0.07, 0.105,
0.14, 0.175, 0.21, 0.245) were synthesized by the
conventional solid-state reaction at 1200°C for 2h.
The quenching concentration in the Ba,Sn(PO,),
is (0.21mol per formula unit) higher than in the
Sr,Sn(PO,), (0.175 mol per formula unit) due to the rel-
atively larger unit cell volume and crystal field effects
of the Ba,Sn(PO,),. It is also discovered that PO43+ ab-
sorbs the energy and then transfers it to Eu®*, which
increases the excited energy of Eu** and enhances the
emission efficiency. These phosphors can be efficiently
excited by UV (395 nm) and visible blue (465 nm) light
nicely matching the output wavelengths of the near-UV
LEDs and InGaN blue LED chips and emits the red
light. The M,_Sn(PO,), :xEu** (M = Sr, Ba) phosphor
may be a good candidate for light-emitting diodes ap-
plication.
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