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ARTICLE INFO ABSTRACT 

Received:  05/8/2024 This paper presents a method for synthesizing erbium (Er) doped 

strontium (Sr) substituted hydroxyapatite (HA)/hydroxyapatite/beta-

tricalcium phosphate (TCP) nanostructures to achieve strong and stable 

near-infrared light emission at approximately 1540 nm. The 

Er-doped Sr-HA/TCP exhibited a rod-like structure by optimizing 

the concentrations of strontium and erbium and the annealing 

temperatures. The photoluminescence (PL) intensity of the sample 

increased with higher Sr and Er concentrations. The PL spectra of the 

nanoparticles displayed the characteristic luminescence of Er
3+

 centered 

at 1540 nm, which was more efficient in the annealed Er- doped Sr-

HA/TCP compared to the annealed Er-doped HA/TCP nanoparticles. 

These findings indicate the potential of using Sr as a sensitizing 

material for synthesizing of Er-doped Sr-HA/TCP with strong 1540 nm 

light emission, suitable for applications in waveguide 

telecommunication and biomedicine. 
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THÔNG TIN BÀI BÁO TÓM TẮT 

Ngày nhận bài:  05/8/2024 Bài báo này trình bày một phương pháp tổng hợp vật liệu stronti thay 

thế vật liệu nano hydroxyapatite (HA)/hydroxyapatite/beta-tricalcium 

phosphate (TCP) pha tạp erbi (Er) để đạt được khả năng tăng cường 

phát xạ ánh sáng hồng ngoại gần ở khoảng 1540 nm. Bằng cách tối ưu 

hóa nồng độ stronti và erbi, cũng như nhiệt độ ủ, Sr-HA/TCP pha tạp Er 

cho thấy cấu trúc hình thanh. Cường độ phát quang (PL) của mẫu tăng 

khi nồng độ Sr và Er tăng lên. Phổ PL của các hạt nano cho thấy độ 

phát quang đặc trưng của Er
3+

 tập trung ở 1540 nm, hiệu quả hơn ở các 

hạt nano Sr-HA/TCP pha tạp Er so với các hạt nano HA/TCP pha tạp 

Er. Những phát hiện này cho thấy tiềm năng sử dụng Sr làm vật liệu 

tăng nhạy để tổng hợp Sr-HA/TCP pha tạp Er với khả năng phát xạ ánh 

sáng mạnh vùng 1540 nm cho các ứng dụng trong viễn thông ống dẫn 

sóng và y sinh học. 
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1. Introduction 

Erbium (Er)-doped materials have become crucial materials for applications such as optical 

communication, given that the transition from the first excited level 
4
I13/2 to the ground state 

4
I15/2 

produces a light emission at around 1540 nm, a wavelength used in the telecommunication band 

for transmission of information [1], [2]. Despite advancements in synthesizing Er-doped 

waveguides, their practical application remains limited due to their low incorporation efficiency, 

concentration, and thermal quenching effect. This has driven scientists and engineers to seek new 

methods to precisely control and tailor the microstructure and physical characteristics of 

materials. For instance, to address new functional material, one approach is to insert the 

sensitized materials into host materials [3], [4]. Significant efforts have been made to enhance 

near-infrared luminescence by incorporating various sensitizing materials into Er-doped 

materials, such as nano silicon [5], [6], ytterbium (Yb) [7], [8], and germanium oxide (GeO2) [9]. 

Compared to other host matrices, hydroxyapatite (HA; Ca10(PO4)6(OH)2) and beta-tricalcium 

phosphate (TCP; Ca3(PO4)2) are suitable hosts for rare earth elements (RE) due to their flexible 

apatite structure [10], [11]. Additionally, strontium-substituted hydroxyapatite/TCP (Sr-HA/TCP) 

forms a solid solution with HA/TCP by replacing Ca
2+

 with Sr
2+

 over a wide range of 

concentrations [12], [13]. Sr-HA/TCP has garnered significant attention in engineered materials 

due to its acceleration of mineralization and crystallization of calcium phosphate in bone 

formation which is comparable to HA/TCP [14], [15]. These materials have been utilized in 

optical engineering to synthesize red and blue luminescent materials, showing high efficiency in 

luminescent HA/TCP [16], [17]. Recently, Er-doped hydroxyapatite (HA)/TCP was successfully 

synthesized in our laboratory using the co-precipitation method [18]. In that study, we examined 

the effect of thermal annealing on the near-infrared emission of Er-doped HA/TCP. To further 

this research, we report for the first time the strong near-infrared emission at about 1540 nm of 

strontium-substituted hydroxyapatite/TCP (Sr-HA/TCP) as a function of strontium, erbium 

concentration, and thermal annealing. The crystalline structures of Er-doped Sr-HA/TCP were 

characterized by X-ray diffraction (XRD), while the microstructure and chemical composition 

were analyzed using transmission electron microscopy (TEM) and energy dispersive X-ray 

spectroscopy (EDS), respectively. The light emission properties were determined using a 

photoluminescence spectrometer. 

2. Experimental procedure 

Erbium-doped Sr-HA/TCP was synthesized using a coprecipitation method. Specifically, a 

stoichiometric amount of (NH4)2 HPO4 (0.2M, 99.9% purity, Aldrich) in aqueous solution was 

added to an aqueous solution containing Ca (NO3)2 .4H2O (0.2M, 99.9% purity, Aldrich) with 

varying amounts of ErCl3.6H2O (99.9% purity, Aldrich) and Sr(NO3)2 (99.9% purity, Aldrich) 

under vigorous stirring. The reaction mixture was stirred for 0.5 hours, followed by 

precipitation at 80°C, with the pH adjusted to 11 using aqueous ammonia. The resulting 

precipitates were washed three times and then dried at 100°C for 6 hours. Portions of each as-

prepared sample were treated at 600°C, 800°C, 1000°C, and 1100°C for 1 hour in air. The 

crystalline structures of the Er-doped Sr-HA/TCP were characterized using X-ray diffraction 

(XRD, D8 Advance, Bruker, Germany). The microstructure and chemical composition were 

determined by transmission electron microscopy (TEM, JEOL JEM 1010, JEOL Techniques, 

Tokyo, Japan) and field emission scanning electron microscopy (FESEM, JEOL JSM-6700F, 

JEOL Techniques, Tokyo, Japan). Photoluminescence (PL) tests were conducted to evaluate 

the optical properties using a NANO LOG spectrofluorometer (Horiba, USA) equipped with a 

450 W Xe arc lamp and double excitation monochromators. The PL spectra were recorded 

automatically during the measurements. 
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3. Results and discussion 

3.1. Phase characterization 

Figures 1 display the XRD diagrams of Er-doped HA and Er-doped Sr-HA/TCP annealed at 

800°C. All three XRD patterns exhibit a mixture of hydroxyapatite (PDF 09-0432) and β-

tricalcium phosphate (β-TCP) (PDF 09-0169) with good crystallinity (Figure 1 (a)-(b)). The 

absence of any phases related to Er or Sr species in the XRD diagrams of the Er-doped HA/TCP 

and Er-doped Sr-HA/TCP specimens indicates the successful preparation of these materials. 

Additionally, HA containing HPO4 
2-

 ions converts to pyrophosphate ions (P2O7 
4-

) when heated 

to around 650°C [19], [20]. The P2O7 
4-

 ions then react with hydroxyl (OH-) ions, forming β-TCP 

during the thermal annealing process [21], [22]. The presence of a mixture of HA and β-TCP in 

the specimens suggests improved performance in optical materials due to the strong light 

emission properties of β-TCP [23], [24]. 

 
Figure 1. XRD patterns of nanoparticle annealed at 800 

o
C (a) Er-doped HA/TCP 

 and (b) Er-doped Sr-HA/TCP (*: HA and #: -TCP) 

3.2. Scanning electron analysis 

 
Figure 2. Microanalysis of the Er-doped Sr-HA/TCP annealed at 800 

o
C (a) TEM image  

and (b) EDS analysis of chemical composition of specimens 

The representative microstructure and chemical composition of the Er-doped Sr-HA/TCP 

were analyzed using TEM and EDS, as depicted in Figures 2 (a) and (b). The specimen exhibited 

a rod-like microstructure with a diameter of approximately 30 nm (Figure 2(a)). Peaks 

corresponding to Sr and Er elements were observed (Figure 2(b)), confirming their presence in 
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the HA/TCP. Furthermore, the calculated weight concentrations of Sr and Er were approximately 

6.6% and 3.1%, respectively, indicating the successful incorporation of Sr and Er ions into the 

host HA/TCP.  

3.3. Effect of strontium concentrations   

Figure 3 displays the photoluminescence spectra of Er-doped Sr-HA/TCP with varying Sr 

concentrations, annealed at 800°C. The spectra reveal strong near-infrared emission peaks around 

1540 nm, attributed to the transition from the first excited level 
4
I13/2 to the ground state 

4
I15/2 

within the 4f electronic configuration. Notably, the PL intensities of Er-doped Sr-HA/TCP 

increased along with the rising of Sr concentrations, peaking at 0.5% mol Sr, before decreasing 

with further higher Sr concentrations. The substitution of calcium (Ca) with strontium (Sr) leads 

to lattice expansion because of Sr's larger atomic radius compared to that of Ca, which introduces 

additional strain into the lattice [25], [26]. Increased Sr concentrations cause greater lattice 

distortion due to the differences in ionic radii between Ca and Sr, affecting the local environment 

and radiative processes. 

 
Figure 3. Photoluminescence spectra of Er-doped Sr-HA/TCP  

as a function of Sr concentrations annealed at 800 
o
C 

3.4. Effect of annealing temperature and holding time 

Photoluminescence (PL) measurements were adopted throughout this study to optically 

characterize Er-doped Sr-HA. Figure 4 displays the typical PL spectra of Er-doped Sr-HA/TCP. 

All samples exhibited strong near-infrared emission peaks around 1540 nm, attributed to the 

transition from the first excited level 
4
I13/2 to the ground state 

4
I15/2 within the 4f electronic 

configuration. It is important to note that the PL intensity of Er-doped Sr-HA/TCP increased 

significantly with higher annealing temperatures, peaking at 800°C before decreasing with further 

increases in temperature. This behavior is attributed to thermal annealing, which promotes the 

migration of Er ions and removes hydroxyl groups and water molecules from the host material 

[27], [28]. At 600°C, Er ions are randomly distributed in the host lattice with residual hydroxyl 

groups, leading to reduced PL intensity. As the annealing temperature rises to 800°C, the PL 

intensity increases due to the shortened distances between ions and the complete removal of 

hydroxyl groups and water molecules, facilitating the formation of ion pairs. However, at 

900°C, the PL intensity weakens due to Er-Er ion interactions causing quenching. Additionally, 

the PL characteristics of Er-doped Sr-HA/TCP annealed at 800°C with varying holding times 

are further illustrated in Figure 5. The emission intensity increased significantly with longer 
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holding times. From 5 to 30 minutes, the Er ions are typically dispersed randomly throughout 

the host lattice, whereas at a holding time of 120 min, some Er³⁺ ions become closer to each 

other, potentially leading to concentration quenching. At a holding time of 60 minutes, the PL 

spectra of Er-doped Sr-HA/TCP peaked and then declined with an extended holding time of 

120 minutes. However, holding times longer than 120 minutes, the emission intensity 

significantly drops due to Er-Er interactions.  

 
Figure 4. Photoluminescence spectra of Er-doped Sr-HA/TCP (a) different annealing temperatures, 

 (b) different holding times. 

3.5. Effect of Er concentrations 

 
Figure 5. Photoluminescence spectra of Er doped Sr-HA/TCP  

as a function of Er concentrations annealed at 800 
o
C 

Figure 5 illustrates the photoluminescence spectra of Er-doped Sr-HA/TCP nanoparticles with 

varying Er concentrations annealed at 800 
o
C. Notably, the relative PL intensity of the sample 

changed with varying Er doping concentrations. Figure 5 shows that at 3 doping concentrations of 

0.5, 1, and 1.5% mol Er, the PL intensity decreased gradually. Among them, the highest PL 

intensity was observed at 0.5% mol Er. When Er ions are doped, the Er³+ luminescent centers 

substitute for Ca²⁺ sites, leading to the immediate recombination of many electron-hole pairs and 

the emission of photons. Consequently, the PL intensity varies depending on the Er concentration. 
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However, beyond these Er concentrations, the PL intensity decreases due to quenching effects 

caused by Er
3+

 clustering [29], [30]. In other words, this clearly demonstrates that the dopant 

concentration strongly influences the luminescence efficiency of Er-doped Sr-HA/TCP. 

4. Conclusions 

We have shown that the near-infrared light emission of Sr-HA/TCP can be effectively 

achieved by doping it with rare earth erbium. Specifically, the photoluminescence of Er-doped 

Sr-HA/TCP exhibits a strong band around 1540nm, which is influenced by various conditions 

such as the doping concentration ratio of Sr and Er. Additionally, the photoluminescence 

intensity varies with temperature and sample annealing time. This emission was significantly 

stronger than that of Er-doped HA/TCP. The improvement in PL is mainly attributed to changes 

made in the local environment, crystallinity and dopant distribution, indicating potential 

applications in waveguide telecommunication and biomedicine. 
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