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Abstract: The Sr;La(PO.)s:Eu*" (SLP:Eu") phosphor was prepared with the coprecipitation method, which emited red visible-light
along with a near-infrared (NIR) luminescence in the biological window region. The influence of synthesis temperature and Eu’*
doping concentration on the characteristics of the phosphor was discussed. The optimal crystallinity was obtained when the phosphor
was doped with 0.7 mol% of Eu*" and annealed at 1200 °C for 2 h. The particle size was approximately 1 um. As compared with
the SLP:0.01 Eu’", the photoluminescence intensity of the SLP:0.07 Eu** increased by 4.95-fold at wavelength of 615 nm and 3.97-
fold at 705 nm. The red SLP:Eu*" phosphor with a high NIR emission is a potential candidate material for bio-image and bio-sensor
applications.
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1. Introduction

Eulytite-type orthophosphates have attracted much attention as the host of phosphors, which have a general molecular formula
of M5'M"(PO,);. The MI can be alkaline earth metals of Ca, Sr, Ba and Pb, and the MII are La, Y, Sc, Bi, Tb and In. Sr;La(POa);
[1], BasY(POu4)3 [2], Sr3Y(PO4)3 [3], Sr3Gd(PO4); [4], and BasLa(POs)3 [5] belong to the family of eulytite-type orthophosphates.
These hosts doped with lanthanide activators usually exhibit excellent thermal stability and optical property.

For the red lanthanide activators, Eu** [6,7], Pr3* [8], Sm*" [9,10] are the most preferred materials. However, they show diverse
luminescence characteristics. For the Pr" activator [11-13], a broad energy absorption band with a peak at wavelength
approximately of 270 nm is measured, which is resulted from the inter-configurational transition of 4f2 — 4f!5d'. The electrons
transit from the 3Hy4 ground state to higher 4f levels of *P,, 'ls, 3Py, 3Py, 'D; are also possible. When the Pr** ions are excited with a
wavelwngth of 270 nm, a high luminescence at wavelength 632 nm caused by electron transition of 'D, — 3H* is analyzed. The
emission at wavelength 725 nm for electron transition from D, — 3H* is relatively insignificant. For the Sm*" activator [14-16],
the energy absorption peaks are at wavelengths of 378, 402, 440, 468 and 481 nm, attributed to electron transitions of °Hsp — °P7p,
®Hsp — *Fp, *Hsnp — *Gop, *Hsp — *Lisp, *Hsp — L1152, respectively. The maximum energy absorption peak is at 402 nm. The
red Sm3+ emission shows the highest intensity at 604 nm according to the *Gs, — 6H7/2 transition. The other emission peaks are
at 567, 650, and 709 nm referred to the electron transitions from the *Gs) to the ®Hsz, *Hojo, and °Hy 11, respectively.

Both Pr** and Sm*" show red emission in the visible-light reion, but they exhibit low luminescence intensity in the near-infrared
(NIR) region. In contrast, the Eu®" activator can not only show a high red luminescence but also exhibit a NIR emission within the
biowindow [17]. The phosphors with luminescence in the biowindow have high potential for bio-image and bio-sensor applications
[18-22], In this study, the Sr;La(PO4); (SLP) was used as host and the SLP:Eu’** was synthesized with the coprecipitation method
[23-25]. The characteristics of the red SLP:Eu*" phosphor are discussed.

2. Materials and Methods

The coprecipitation method was used for the synthesis of the red SLP:Eu*" phosphor. The source materials were Sr(NO3)z
(99%, Acros), La(NO3)3-6H0 (99.9%, Alfa Aesar), (NH4)HPO4 (99%, Showa), Eu(NO3)3-6H,0 (99.9%, Alfa), and NH4OH. First,
the materials were weighed by the stoichiometric ratio. The concentration of Eu*" was varied from 1 to 9 mol%. The Sr(NO3)s,
La(NOs);3-6H,0, and Eu(NOs3)3-6H,O were dissolved in deionized (DI) and stirred to form a blended soultion. The (NH4).HPO4 was
also dissolved with DI water. These solutions were mixed and used as the precursor solution. After that, the NH4OH was dripped
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into the precursor solution. The precipitation took place when a pH value of 6 was achieved. Subsequently, the obtained precursor
was centrifuged, washed, and dried at 120 °C for 2 h. Finally, the precursor powder was annealed at 1000-1300 °C for 2 h.

The X-ray diffraction (XRD, SIEMENS D5000) and field-emission scanning electron microscopy (FESEM, JEOL JSM-6330
TF) were used for the analysis of the crystallinities and morphologies of the phosphors. A fluorescence spectrophotometer (Hitachi
F-7000) was used to measure the energy absorption and emission characteristics of the phosphors. The photoluminescence (PL) and
PL excitation (PLE) spectra were analyzed at the excitation wavelength (Aex) and monitored wavelength (Aem) of 394 and 615 nm,
respectively.

3. Results and Disscussion

The characteristics of the red SLP:Eu*" phosphor was optimized via the variation of the annealing temperature and the doping
concentration of the Eu**. Figure 1 shows the XRD patterns of SLP:Eu’* synthesized at 1000-1300 °C. It is observed that when the
synthesis temperature was lower than 1000 °C, the SLP phase was not synthesized completely. The SLP phase was obtained when
the synthesis temperature was higher than 1100 °C. The XRD pattern of SLP:Eu’+ was consistent with the standard pattern of
JCPDS No. 29-1306 and no miscellaneous phases were developed. The as-prepared SLP:Eu’" had a cubic structure, the dominant
crystal plane was (310) [26]. The particle size of phosphor was increased from 1 to 2 um when the synthesis temperature was
increased from 1000 to 1300 °C, as shown in Figure 2.
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Figure 1. XRD patterns of SLP:0.07Eu®" synthesized at 10001300 °C for 2 h.

Figure 2. SEM images of SLP:0.07Eu®" synthesized at 1000-1300 °C for 2 h. (a) 1000 °C; (b) 1100 °C; (¢) 1200 °C; (d) 1300 °C.
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As it shown in Figure 1 that the crystallization of phosphor was improved with the increase of synthesis temperature. Thus, the synthesis
temperature significantly altered with the energy absorption and emission of the phosphor. As compared with the phosphor prepared at 1000 °C,
the PLE intensity at wavelength of 394 nm was enhanced by 2.17-, 2.58-, and 2.59-fold and the PL intensity at 615 nm was increased by 1.52-,
1.75-, and 1.80-fold when synthesis temperature was set at 1000 °C, 1100 °C, 1200 °C, and 1300 °C, respectively, as observed from Figure 3.
Herein, the 394 nm was the wavelength of the maximum energy absorption peak, attributed to the electron transition of ’Fo — 3L¢ in Eu?*, and the
615 nm was the highest energy emission peak, which was resulted from the electron transition of Do — 7F2. The phosphor prepared at 1200 °C
and 1300 °C have the same PL intensity, while a larger particle size was synthesized at 1300 °C.

Synthesis Temperature ( °C)

(a)

Synthesis Temperature ( °C)

(b)

3
5 ——n Temperature (OC ) PL ratio

251 1000 1
2 .2 1100 217
= . 5] 1200 258
‘3; 204 © o2 1300 259 g
= 2 e a
g Temperature (°C) PLE ratio 4
3 1000 1 13}
g 151 1100 1.52 a1
S5 1200 1.75 -]
o 1300 1.80 A

10{ = (a) (b)

T T T T T T T T
1000 1100 1200 1300 1000 1100 1200 1300

Figure 3. (a) PLE and (b) PL intensity ratios of SLP:0.07Eu’" synthesized at 1000~1300 °C for 2 h.

When 1-9 mol% of Eu** was doped in the SLP, no new phases were developed. The XRD analysis indicated that the smallest
value of full width at half maximum (FWHM) of XRD and the optimal crystallinity of SLP:Eu** was obtained when 7 mol% of Eu**
was doped, as listed in Table 1. In the SLP:0.07 Eu*", the atomic composition of O, P, Sr, La, and Eu, analyzed using energy dispersive
x-ray spectrometer (EDS), were 66.56, 11.38, 15.76, 5.08, and 1.22 at%, respectively, as listed in Table 2. Clearly, the SLP:0.07Eu**
with stoichiometric ratio was syntheized. The Eu** was doped into the SLP crystal and formed a solid solution. The elements that
exist within the SLP:0.07Eu*" were further identified using the x-ray photoelectron spectrcopy (XPS), as shown in Figure 4. The
elements of O, P, Sr, La, and Eu were analyzed. For O 1s, which showed a broad peak at binding energy of 530.5-532.5 eV. The La
3d peak was located at 830—837 eV, and the Sr 3d, P 2p, and Eu 4d peaks were at 129-138 eV [26,27].

Table 1. FWHM of XRD for phosphor synthesized with different Eu®" concentrations.

Eu’*" Concentration FWHM XRD
(mol%) (A20)
1 0.21
3 0.19
5 0.16
7 0.16
9 0.22

Tabe 2. Element composition of SLP:0.07Eu*" phosphor synthesized 1200 °C for 2 h.

Element Atonz:;);( atio
@) 66.56
P 11.38
Sr 15.76
La 5.08
Eu 1.22
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Figure 4. XPS spectrum of SLP:0.07Eu*" phosphor synthesized 1200 °C for 2 h.

Binding Energy (eV)

The energy absorption and luminescence of SLP:Eu’* varied with the doping concentration of Eu**. Figure 5 shows the PLE
and PL spectra of the phosphors. A broad band with a peak at 271 nm was referred to the O> — Eu’" charge-transfer band (CTB)
absorption [28]. The PLE peaks at 362, 383, 394, 363, and 465 nm were attributed to the electron transitions from the ’Fy to the 3Da,
5Ly, °Le, °D3, and °D; energy levels, respectively. The electron transitions through the Do — Fy, Do — F2, Do — "F3, and Dy —
"F4 exhibited red to NIR luminescence with peak wavelengths at 593, 615, 656, and 705 nm, respectively. The PL intensity was
enhanced by the increase of Eu** doping concentration, as shown in Figure 6. The maximun PL intensity was obtained when a 7
mol% Eu®" was doped. However, when a higher Eu®" concentration of 9 mol% was doped, the PL intensity was decreased because
of the effect of concentration quenching. As compared with the SLP:0.01Eu**, the PL intensity of SLP:0.07Eu*" was increased by
4.95-fold at wavelength 615 nm and 3.97-fold at 705 nm. High NIR luminescence was obtained. The phosphor with high

luminescence in the NIR biowindow has the potential for bio-image and biosensor applications.
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Figure 5. PL{E and PL spectra of SLP:0.07Eu’" phosphor.
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Figure 6. (a) PL spectra and (b) normalized PL intensities at wavelengths 615 and 705 nm for SLP:Eu’" phosphors synthesized with

different Eu*" concentrations.
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4. Conclusions

The characteristics of red SLP:Eu’* phosphors prepared with the coprecipitation method are discussed. The crystallinity

and luminescence properties of phosphors altered significantly with the variations of synthesis temperature and doping concentration
of Eu*". The maximum PLE and PL intensities were obtained when the phosphor was doped with 7 mol% Eu** and annealed at
1200°C for 2h. The red SLP:Eu** shows high PL intensity both in visible-light and NIR-biowindow regions, with corresponding
emission peaks at wavelengths of 615 and 705 nm, respectively. The SLP:Eu®" phosphor can be used for bio-image and
bio-sensor applications.
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