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With the aim of improving the up-conversion luminescence intensity of high concentration Yb3+/Er3+ 
doped microparticles, Yb3+/Er3+ doped β-NaYF4/β-NaLuF4/β-NaYbF4 samples were prepared by the hydro-
thermal method. X-ray diffraction (XRD) and scanning electron microscopy (SEM) were used to character-
ize the crystal structure and morphology. Intense blue emission (2H11/24I15/2, 4S3/24I15/2) and red emission 
(4F9/24I15/2) of Er3+ were observed under 980 nm excitation. When the doping concentrations of Yb3+ and 
Er3+ were high, the up-conversion luminescence intensity using -NaYbF4 as the host matrix was enhanced, 
and in the experiment the sample NaYbF4:16 mol%Yb3+/32 mol%Er3+ with -NaYbF4 as the host matrix has 
the strongest luminescence.  
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Для повышения интенсивности ап-конверсионной люминесценции гидротермальным методом 

приготовлены образцы β-NaYF4/β-NaLuF4/β-NaYbF4, легированные ионами высокой концентрации 
Yb3+/Er3+. Для характеризации их кристаллической структуры и морфологии использованы дифрак-
ция рентгеновских лучей (XRD) и сканирующая электронная микроскопия (SEM). При возбуждении 
на  = 980 нм наблюдаются интенсивные полосы синего (2H11/24I15/2, 4S3/24I15/2) и красного излуче-
ния (4F9/24I15/2) ионов Er3+. При высоких концентрациях легирования Yb3+ и Er3+ интенсивность ап-
конверсионной люминесценции с использованием -NaYbF4 в качестве матрицы увеличивается; обра-
зец NaYbF4:16 мол.% Yb3+/32 мол.% Er3+ с -NaYbF4 в качестве матрицы в эксперименте обладает 
сильнейшим свечением. 

Ключевые слова: редкоземельный элемент, ап-конверсия, -NaYbF4. 
 

Introduction. Lanthanide ions have been used in up-conversion (UC) of luminescent materials [1–3]. 
RE doped materials have many applications in optical communications [4], photocatalysis [5], biomedicine [6], 
color displays, etc. [7–11]. At the same time, one knows the concentration fluorescence quenching effect, 
which is a decrease in the emission of the phosphor with increase in the concentration of the doped rare earth 
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(RE) ion [12]. The reasons for that are the existence of quenching centers such as remote killers, the crystal 
surface, significant nonradiative energy loss during cross-relaxation, and the resonance between the activa-
tors [13]. The Yb3+ ion doped as the sensitizer is used to enhance the pump efficiency of the activators such 
as Er3+, Tm3+, and Ho3+ [14–18]. The materials co-doped with Li+ can improve the UC emission intensity 
[19–21]. Aluminum oxynitride (AlON) as the host material can improve the UC emission intensity with low 
phonon energy for weakening the possibility of nonradiative transitions, and it also demonstrated a new 
strategy to remarkably improve the up-conversion luminescence by an active-core/luminescent-shell/active-
shell engineering technique [22–28]. 

In this paper, high concentration β-NaYF4:16 mol%Yb3+, 32 mol%Er3+ microparticles were synthesized 
by a facile hydrothermal method. It was indicated that when the host matrix was changed from β-NaYF4 to 
β-NaYbF4, the up-conversion luminescence intensity of the 16 mol%Yb3+, 32 mol%Er3+ doped phosphor 
was enhanced significantly. This can be an effective method to inhibit the concentration quenching. 

Experimental. As starting materials, NaF (98%) and C10H16N2O8 (EDTA) were purchased from 
Shanghai Macklin Biochemical Co., Ltd. (China); Y(NO3)36H2O(99.99%), Yb(NO3)36H2O(99.99%), 
Er(NO3)36H2O(99.99%), and Lu(NO3)36H2O (99.99%) were purchased from Shanghai Diyang Chemical 
Co., Ltd. (China). They were all used without further purification. 

The samples NaYF4:32 mol%Er3+, NaYF4:8 mol%Yb3+/32 mol%Er3+, NaYF4:16 mol%Yb3+/32 mol%Er3+, 
NaYF4:32 mol%Yb3+/32 mol%Er3+, NaLuF4:16 mol%Yb3+/32 mol%Er3+, NaYbF4:16 mol% Yb3+/32 mol%Er3+, 
and NaYbF4:32 mol%/32 mol%Er3+ named Er 32%, a, b, c, d, e, f, respectively, were prepared by the hydro-
thermal method. Appropriate amounts of Y(NO3)36H2O, Lu(NO3)36H2O and Yb(NO3)36H2O were dis-
solved in deionized water to form the host, and then 32 mol%Er(NO3)36H2O and xmol% Yb(NO3)3(x = 8, 
16, 32) relative to the moles of Y(NO3)36H2O, Yb(NO3)36H2O or Lu(NO3)36H2O were dissolved in deion-
ized water. They were immediately added into an aqueous solution of EDTA with vigorous magnetic stir-
ring, and an aqueous solution of NaF was then added, stirred for 1 h, and the lanthanide used to synthesize 
the host/EDTA/NaF with a molar ratio of 1/1/12. The as-obtained mixing solution was poured into a 50 mL 
Teflon-lined autoclave and heated for 2 h at 180C. The white precipitates were separated by centrifugation, 
washed three times with deionized water and ethanol in sequence, and then dried at 80°C. 

Phase analysis of the samples was characterized using a Rigaku Model D/max-2200 (CuKα λ = 
= 0.15418 nm) in the range from 10° to 70° with a scanning step size of 0.02°. The size and morphology of 
the samples were characterized by a field emission scanning electron microscope (SEM) (GeminiSEM 500). 
The energy dispersive X-ray (EDX) spectrum of the samples was characterized by a field emission scanning 
electron microscope (SEM) (JEOL JSM-6700F). The up-conversion emission spectra and the luminescence 
decay curves were recorded by an FLS980 spectrometer (Edinburgh) with conducted 980 nm fiber lasers as 
excitation sources, the power of the 980 nm fiber laser being 0.95 W. All the measurements were performed 
at room temperature.  

Results and discussion. The typical XRD patterns for some selected samples are shown in Fig. 1. All 
the diffraction peaks correspond to the (100), (110), (101), (200), (111), (201), (210), (002), (300), (211), 
(102), (112), (220), (202), and (310) planes, and they can be indexed to the pure NaYF4 hexagonal phase 
reported in JCPDS card No. 16-0334. β-NaYF4:Yb,Er co-doped with different amounts of Yb3+ ions, were 
recorded as Er 32%, a, b, c with the same phase structure. As the host lattice of samples d and e, β-NaLuF4 
and β-NaYbF4 are isostructural with β-NaYF4, and they present a hexagonal structure. In the patterns, no 
additional diffraction peaks were observed.  

Fig. 1. XRD patterns of samples Er 32%, a, b, c, d, e. 
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The EDX spectra of samples d and e are presented in Fig. 2. The EDX spectra show strong peaks of C, 
O, F, Na, Er, Lu, and Yb containing 2.63 mol% Er3+, 1.47 mol% Yb3+, 5.97 mol%Lu3+ in sample d, and 
2.35 mol% Er3+, 8.21 mol% Yb3+ in sample e, respectively. This indicates that Er3+, Yb3+, and Lu3+ ions con-
centrate mainly inside the crystal. 

 

 
 

Fig. 2. EDX of samples d and e. 
 
Figure 3 displays the SEM images of the samples. From Fig. 3a–c, it can be seen that β-NaYF4:8 mol% 

Yb3+, 32 mol% Er3+ particles have uniform hexagonal prism morphology with a length of 2 μm and a bottom 
side length of 200–500 nm. When the Yb3+ doping concentration increases from 8 to 32 mol%, the morphol-
ogy of the samples becomes irregular and small. The SEM image of β-NaLuF4:16 mol% Yb3+, 32 mol% 
Er3+, as shown in Fig. 3d, demonstrates some nearly spherical particles with a length of 300 nm. The SEM 
image of β-NaYbF4:16 mol% Yb3+, 32 mol% Er3+ is shown in Fig. 3e. It is observed that the sample is com-
posed of hexagonal prisms with an edge length of 600 nm and a bottom side length of 300 nm. In the synthe-
sis process of the samples, by binding Ln3+ and releasing Ln3+ continuously, EDTA controlled the process 
[29]. The growth rate of the particles controlled by solute reactions on the surface is proportional to their 
surface area, which results in an uneven particle size. 

 
a     b     c     d    e 

    

Fig. 3. SEM images of samples a, b, c, d, e. 
 
UC luminescent spectra analysis. As shown in Fig. 4A, the synthesized samples exhibited green and 

red emission under 980 nm excitation. The sample Er 32%, a, b, c has similar emission with peaks at 521 
and 540 nm, which are ascribed to transitions from the 2H11/2 and 4S3/2 excited states to the 4I15/2 ground state, 
respectively. The red emission peak at 654 nm is also observed, which is attributed to the 4F9/2 to 4I15/2 transi-
tion. The intensity of the red and green emission in β-NaYF4 microcrystals doped with Er3+ and Yb3+ ions 
decreased with increasing concentration of Yb3+ from 8 to 32 mol%, which leads to the back-energy transfer 
(i.e., concentration quenching effect) [30]. As shown in Fig. 4A, the sample Er 32% generates the weakest 
luminescence emission. 

The schematic of energy levels for Yb3+ and Er3+ ions is given in Fig. 4B. The characteristic emission 
peaks at 521, 540, and 654 nm are attributed to the 2H11/2→4I15/2,4S3/2→4I15/2 and 4F9/2→4I15/2, respectively. 
The Yb3+ ion is an efficient sensitizer for absorbing the excitation energy and then transferring it. As a result, 
Er3+ can populate onto the 4F7/2 state by absorbing a second 980 nm photon, which can also receive energy 
from the 2F5/2 Yb3+ state. The 4F7/2 Er3+ can release energy nonradiatively to the 2H11/2 and 4S3/2 states, while 
the 4S3/2 Er3+ may populate onto the 4F9/2 state via nonradiative multiphonon relaxation and the 4I11/2 Er3+ can 
populate onto the 4F9/2 state via transition from 4F7/2 to 4F9/2 for the cross relaxation between Er3+ ions [31]. 
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Fig. 4. (A) Up-conversion luminescence of samples Er 32%, a, b, c under excitation of the 980 nm laser;  
(B) schematic illustration of the energy levels of Yb3+ and Er3+ ions under 980 nm excitation. 

 
Figure 5 shows the comparative up-conversion luminescence spectra of samples b, d, e, f with the same 

emission peaks. The other peaks at 490 nm are the diffraction peaks of the 980 nm laser. The peak strength 
at 654 nm of sample e is 23 times, and for samples b, d it is 9 times. The particle size of the samples having a 
single crystalline phase has little effect on the luminescence intensity [32]. Sample e has stronger lumines-
cence than samples b and d. This is because the host matrix has the same hexagonal phase, and ions Y3+, 
Lu3+, and Yb3+ in the host matrix are in the same spatial position. Yb3+ as the sensitizer can successively ab-
sorb near-infrared (NIR) excitation and transfer the energy to the activators. Sample e can transfer energy to 
more Yb3+ ions around Er3+. Yb3+ ions or Yb3+-Yb3+ pairs around Er3+ transfer energy to the Er3+, inhibiting 
back energy transfer. Let us verify if Yb3+ enhances the luminescence. As seen from Fig. 5B, the peak 
strength at 654 nm of sample f is 11 times that of sample e. When the concentrations of doped Yb3+ and Er3+ 
are high, Yb3+ ions in the host matrix can enhance the luminescence more obviously.  

 

   
 

Fig. 5. (A, B) Up-conversion luminescence of samples b, d, e, f and (C) the excitation power-dependence of 
the up-conversion emission of sample e under excitation of the 980 nm laser. 

 
In order to validate the up-conversion mechanism, the excitation power dependence of up-conversion 

emissions in sample e is calculated. It is well known that the output up-conversion luminescence intensity is 
proportional to the infrared excitation power: IUC  IIR

n, and at low values of IIR, n approaches the true value 
of the number of photons involved in the excitation process [33]. The power dependence of the aforemen-
tioned three emission transitions can be obtained from the slope of the fitted line of the plot of ln IUC versus 
ln(IIR). As is shown in Fig. 5C, the slopes of the linear fit of ln(IUC) versus ln(IIR) for 521, 540, and 654 nm 
in sample e are 2.2, 2.08, and 1.74, respectively. The results indicate that only two photon processes are in-
volved to produce the green and red up-conversion emissions. So, using β-NaYbF4 as the host matrix, one 
can enhance the luminescence by inhibiting the concentration quenching in the up-conversion luminescence. 

The luminescence excitation and decay curves of the samples are presented in Fig. 6. The decay curves 
are double-exponential. For samples a, b, c, and e, the lifetimes are determined to be 590, 803, 793,  
and 553 μs, respectively.  
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Fig. 6. The luminescence excitation and decay curves of samples a, b, c, e at 540 nm  
under excitation of the 980 nm laser. 

 
Conclusions. We have developed a facile EDTA-assisted hydrothermal method to synthesize pure  

β-NaYF4, β-NaLuF4, and β-NaYbF4 microcrystals with high concentrations of Yb3+ and Er3+ dopants. All the 
samples have a pure hexagonal phase. The samples with better crystallization have neat morphology. Under 
excitation of 980 nm radiation, the sample β-NaYbF4:16 mol% Yb3+, 32 mol% Er3+ with β-NaYbF4 as the 
host matrix has the strongest luminescence. Thus, we have proposed an appropriate method to enhance the 
up-conversion luminescence of high concentration Yb3+, Er3+ doped particles. 
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