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Sr3B2O6:Dy3+,Eu3+ single-matrix white-light-emitting materials are prepared using the high-tempera-

ture solid-state method. The microstructure, emission spectrum, energy transfer mechanism, and color 
brightness of the samples are studied using scanning electron microscopy, X-ray diffraction, fluorescence 
spectrophotometry, and color coordinate (CIE) calculations. Furthermore, the effects of the synthesis tem-
perature, holding time, rare-earth element doping amount, and charge compensation agent on the lumines-
cence intensity of the samples are investigated. Results show that the luminescent effect of the sample con-
taining Na+ as the charge compensator is better than that of the sample containing K+. When the concentra-
tions of Dy3+ and Eu3+ are 2 and 3%, respectively, the calcination temperature is 700°C, and the holding 
time is 3 h, the samples exhibit the best luminescence performance and the color coordinates are in the 
white-light region, indicating a good white-light luminescent material. 
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Высокотемпературным твердофазным методом получены одноматричные светоизлучающие 
материалы Sr3B2O6:Dy3+,Eu3+. Микроструктура, спектр излучения, механизм переноса энергии и 
цветовая яркость образцов изучены с помощью сканирующей электронной микроскопии, рентгено-
структурного анализа, флуоресцентной спектрофотометрии и расчетов цветовых координат.  
Исследовано влияние температуры синтеза, времени выдержки, количества легирующих редкозе-
мельных элементов и агента компенсации заряда на интенсивность люминесценции образцов. Пока-
зано, что люминесцентные свойства образца, содержащего Na+ в качестве компенсатора заряда, 
лучше свойств образца, содержащего K+. При содержании Dy3+ и Eu3+ 2 и 3 %, температуре прока-
ливания 700 °С и времени выдержки 3 ч образцы проявляют наилучшие люминесцентные характери-
стики, а координаты цвета находятся в белом свете.  

Ключевые слова: борат, высокотемпературный твердотельный метод, спектр излучения,  
люминесцентный материал. 
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Introduction. With the continuous development of the light-emitting diode (LED) industry, extensive 
research is being performed on fluorescent materials. Phosphors have been widely used for single-matrix 
white LEDs owing to their good performance [1]. Currently, there are two main methods for obtaining white 
LEDs: the red–green–blue tricolor-chip-composite method and the phosphor conversion method. The phos-
phor conversion method is favored because of its low cost and simple integration process. Using this meth-
od, white light can be obtained by combining blue light emitted by a blue chip and yellow light emitted by 
phosphor. A single-matrix trichromatic phosphor or broad-spectrum phosphor can also be coated on the ul-
traviolet (UV) chip to obtain white light by trichromatic recombination [2–4]. However, when tricolor phos-
phors are mixed to obtain white-light emissions, they suffer from color reabsorption and ratio regulation, 
which considerably affect the lumen efficiency and color reducibility of the prepared LED. The use of UV and 
near-UV chips to excite tricolor white phosphor to achieve white-light emissions is a good alternative [5–7]. 

Recently, the physicochemical properties of rare-earth elements have been widely favored for preparing 
white LEDs [8]. The required properties can be achieved by doping different ions, and the commonly used 
ions are Dy3+ [9], Mn2+ [10], Tb3+ [11], and Eu3+ [12]. The phosphor matrix currently used for white LEDs 
mainly includes aluminates [13], sulfides [14], silicates [15], borates [16], and nitrides [17]. Borate-based 
luminescent materials are considered one of the most practical luminescent materials because of their low 
calcination temperature, high-luminescence brightness, and good chemical stability, because of which they 
have always been a research hotspot [18–21]. Wang et al. [22] synthesized Sr3B2O6:Eu3+, Na+ phosphors that 
can be used in white LEDs using the high-temperature solid-state method and studied the effects of the cal-
cination time, rare-earth element (Eu3+) doping amount, and other conditions on the luminescent properties 
of the material. Lin et al. [23] synthesized Dy3+-doped Sr3B2O6 phosphor for obtaining white light and they 
studied the phase purity, luminescence performance, and chromaticity coordinate position of the prepared 
phosphor. Moreover, Ce3+ and Eu2+ double-doped Sr3B2O6 phosphors have been reported [24]. Chang et al. [25] 
prepared Ce3+ and Eu2+ double-doped single-matrix white-light Sr3B2O6 phosphors for UV LED excitation 
using the high-temperature solid-state method and they studied the energy transfer process of Ce3+ and Eu2+. 
However, there are limited explanations about the effects of the rare-earth element doping amount and 
charge compensation agent on Sr3B2O6:Dy3+, Eu3+ single-matrix white phosphors. 

In this study, Sr3B2O6:Dy3+, Eu3+ single-matrix white phosphors were prepared using the high-
temperature solid-state method. Moreover, the properties of the luminescent materials were investigated and 
the effects of the synthesis temperature, holding time, charge compensation agent, and rare-earth element 
doping amount on the luminescent properties of the samples were theoretically analyzed and studied in detail. 

Experimental. Using the high-temperature solid-state method, the mass of H3BO3, Eu2O3, Na2CO3, 
Dy2O3, K2CO3, and SrCO3 for sample preparation according to the stoichiometric ratio was calculated. Then, 
these compounds were added to a mortar and ground for 1 h to obtain an even mixture. Next, the mixture 
was placed into a crucible and the crucible was placed in a resistance furnace, where the temperature (650, 
700, 750, 800, 850, and 900°C) and holding time (2, 3, 4, 5, and 6 h) were set for preburning. The preburned 
samples were removed from the furnace, ground, and then placed back into the high-temperature resistance 
furnace for calcination. After calcination, the samples were cooled to room temperature in the furnace and 
then removed. After sufficient grinding for 2 h, the required powder samples were obtained. 

An X-ray diffraction (XRD) analyzer (HT100, American Elite Technology Co., Ltd.) was used to ana-
lyze the phase and morphology of the samples. Field emission scanning electron microscopy (FE-SEM. Siri-
on-200, Phillips) was used to analyze the microstructure of the phosphor. The working voltage of the scan-
ning electron microscope was set to 20 kV. The excitation and emission spectra of the samples were meas-
ured using an RF-5301 fluorescence spectrophotometer. 

Results and discussion. Structure and fluorescence properties of luminescent materials. Figure 1 
shows a comparison between the XRD patterns of Sr3B2O6:Eu3+, Dy3+ at 700°C and a holding time of 3 h 
and the standard XRD patterns of Sr3B2O6. The SEM image of the Sr3B2O6:Eu3+, Dy3+ samples prepared at 
700°C for 4 h is presented. When the synthesis temperature and holding time are 700°C and 3 h, respective-
ly, the XRD patterns of Sr3B2O6:Eu3+, Dy3+ are consistent with the standard XRD patterns of Sr3B2O6. This 
indicates that the experimentally obtained sample corresponds to the Sr3B2O6 phase, and the addition of  
a small amount of Eu3+ and Dy3+ does not affect the crystal structure. Only two low-intensity peaks are de-
tected, corresponding to the impurities of Eu2(CO3)3 produced in the reaction process. The illustration re-
veals a uniform granular surface morphology of the phosphor sample with nonsmooth particle surfaces; 
however, the interface is clear. The radii of the particles are 0.5–1 μm, and the particles are locally adhered. 
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The small size and uniformity of the phosphor particles can improve the coating performance of the phos-
phor, facilitating a uniform emission. 

 
 

Fig. 1. The comparison between (1) the XRD patterns of Sr3B2O6:Eu3+, Dy3+ under the holding time  
of 3 h  at 700°C  and (2) the standard XRD patterns  of  Sr3B2O6.  The illustration  is  an SEM image  

of Sr3B2O6:Eu3+, Dy3+ synthesis at 700°C for 4 h. 
 
Figure 2 shows the excitation and emission spectra of Sr3B2O6:Eu3+, Dy3+; the illustration presents the 

color coordinate (CIE) diagram of Sr3B2O6:Dy3+, Eu3+. The excitation spectrum of the sample comprises 
wide absorption bands and some sharp peaks. The 4f–4f transition absorption peak of Eu3+ is observed 
at 393 nm, while the energy levels of Dy3+ are 6H15/2–6P2/3, 6H15/2–6P2/7, 6H15/2–6P2/5, and 6H15/2–6M21/2, corre-
sponding to the absorption peaks at 320, 349, 363, and 385 nm, respectively. The asymmetric peak  
at 380–400 nm is ascribed to the superposition of the absorption peaks of Eu3+ and Dy3+; the absorption and 
emission peaks of Eu3+ and Dy3+ are not simply superimposed, the two ions will affect each other and under-
go energy transfer simultaneously. The excitation peak reveals that the prepared luminescent material can be 
used for the excitation of near-UV light and blue-light chips. 
 
 

 
Fig. 2. Excitation (1) and emission (2) spectra of Sr3B2O6:Eu3+, Dy3+ phosphor.  

The illustration is the CIE pattern of Sr3B2O6:Dy3+, Eu3+. 
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Furthermore, sharp peaks are detected at 590 and 612 nm, representing the characteristic emission 
peaks of 5D0–7FJ (J = 1, 2, 3, 4) of Eu3+. The magnetic dipole transition is dominant, emitting yellow-orange 
light at 590 nm. When the f–f forbidden transition is partially stopped, an electric dipole transition  
of 5D0–7F2 appears, emitting red light at 610 nm. This transition helps improve the luminescence perfor-
mance of the phosphor. Moreover, the intensity of the electric dipole transition from 5D0–7F2 is higher than 
that of the magnetic dipole transition from 5D0–7F1, which is caused by the difference in the numbers of the 
two light-emitting centers. Dy3+ luminescence is attributed to two emission peaks in the visible light range. 
The center values are achieved at 472 and 575 nm, corresponding to 4F9/2–6H15/2 and 4F9/2–6H13/2 transitions, 
respectively. With the addition of Eu3+, the emission peak corresponding to 4F9/2–6H13/2 at 575 nm becomes 
weaker because of the increase in the number of luminescence centers and decrease in the luminescence in-
termediate distance. The illustration shows that white light can be obtained by adding an appropriate amount 
of Eu3+, and the color coordinates at this time are X = 0.296 and Y = 0.251. 

Study of the calcination process. Figure 3 presents the emission intensity of Sr3B2O6:Dy3+ calcined at 
650, 700, 750, 800, 850, and 900°C for 3 h. This figure shows that when the calcination temperature is 
650°C, the intensity of the emission spectrum is very low, indicating that the crystallinity of Sr3B2O6 cannot 
be improved at this temperature. Most of the Dy3+ does not enter the crystal lattice to occupy cation vacan-
cies and form a luminescent center; thus, the phosphor is not fired. When the synthesis temperature increases 
to 700°C, the relative intensity displayed on the spectrum is the highest. As the synthesis temperature con-
tinues to increase, the intensity decreases. This is because as the calcination temperature increases, the grains 
continue to grow and the samples agglomerate, thus decreasing the luminescence intensity of the samples. 
The morphology of the phosphor has a great influence on its luminescence performance and coating perfor-
mance in an LED package; thus, 700°C is the ideal temperature. 

 

 
 

Fig. 3. Emission intensity diagram of Sr3B2O6: Dy3+ calcined at 650, 700, 750, 800, 850,  
and 900°C for 3 h. 

 
Figure 4 shows the SEM images of Sr3B2O6:Dy3+ calcined at different temperatures for 3 h. This figure 

reveals that only a small part of the samples crystallizes at 650°C because this temperature is too low to 
maintain the energy required during the calcination process. The calcination effect of the sample is better at 
700°C than at 650°C because the surface morphology of phosphor consists of relatively uniform granular 
particles, the particle surface is smoother, and the interface is clear. The particle diameters are approximately 
0.5–1.0 μm. The sample with this morphology has good coating performance and uniform luminescence. 
When the synthesis temperature increases to 750°C, the particle dispersion of the sample decreases, the ag-
glomeration phenomenon begins to appear, and the particle size is nonuniform. As the synthesis temperature 
continues to increase, the particle dispersion decreases sharply. At 800°C, the agglomeration phenomenon is 
obvious. 
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Fig. 4. The SEM patterns of Sr3B2O6:Dy3＋ calcined at temperatures 650 (a), 700 (b),  

750 (c), and 800°C (d) for 3 h.  
 

Figure 5 shows the emission spectra of Sr3B2O6:Dy3+ under different holding times at 700°C. The hold-
ing time has a considerable influence on the luminescence performance of the sample. An appropriate hold-
ing time can promote the diffusion of ions in the raw materials, which is conducive for the growth of crys-
tals; furthermore, it can improve the luminescence performance of phosphors. If the holding time is exces-
sively long, the crystals undergo excess growth and the subsequent crushing process yields a new surface. 
After being packaged in the LED, the phosphor becomes unstable, which shortens its service life. The high-
temperature solid-state method for preparing phosphors does not include the step regarding uniform mixing 
of raw materials in the liquid phase, and the diffusion of ions during the formation of crystal lattices is ob-
structed. Therefore, the holding time must be adjusted so that the rare-earth elements can successfully enter 
the crystal lattice without causing an excess growth of crystals. Figure 5 shows that 3 h is the most suitable 
holding time. 

 

 
Fig. 5. Emission intensity of Sr3B2O6:Dy3+ under different holding times (2, 3, 4, 5, and 6 h) at 700°C. 

 
Figure 6 shows the XRD patterns of Sr3B2O6:Dy3+ under different holding times at 700°C. When the 

holding time is 2 h, the XRD pattern shows an obvious miscellaneous peak, which is a characteristic peak of 
the crystal phase of europium carbonate. When the holding time increases to 3 h, the characteristic peak of 
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europium carbonate decreases. As the holding time continues to increase, the characteristic peak intensity of 
europium carbonate changes slightly, showing only slight enhancements. This is caused by the decomposi-
tion of europium carbonate on the crystal lattice surface. With the prolongation of time past 3 h, the reaction 
of europium carbonate on the crystal lattice surface is complete; furthermore, the rare-earth ions gradually 
undergo even diffusion. Some rare-earth ions diffuse on the crystal lattice surface to form europium car-
bonate, and the characteristic peak intensity of europium carbonate changes slightly. Therefore, considering 
the crystallization and luminescence properties of the reaction product as well as energy- and cost-saving as-
pects, 3-h calcination is more suitable than the other tested holding times. 

 
Fig. 6. The XRD patterns of Sr3B2O6:Dy3+ under different holding times (2, 3, 4, 5, and 6 h) at 700°C. 

 
Research on the influence of doping elements on luminescence performance. Figure 7 shows the effect 

of the charge compensator on the luminescence properties of Sr3B2O6:Dy3+, Eu3+. The luminescence intensi-
ty of the sample with a charge compensator is higher than that of the sample without a charge compensator, 
indicating that the charge compensator is instrumental in Sr3B2O6. The luminescence effect of the sample 
containing Na+ as a charge compensator is better than that of the sample containing K+. The calculation 
shows that the radii of Sr, Na, and K are 0.219, 0.190, and 0.243 nm, respectively. Compared with K+, the 
radii of Na+ and Sr2+ are closer in size, and Na+ and Sr2+ enter the crystal lattice more easily; hence, the 
probability of lattice distortion is smaller. Therefore, Na+ can replace Sr2+ to produce a charge compensation 
effect and increase the sample luminescence intensity. Figure 7 shows that at 610 nm, the emission peak in-
tensity of the sample containing Na+ as the charge compensator is 282% higher than that of the sample with-
out Na+. 

 

 
Fig. 7. Emission spectra of Sr3B2O6:Eu3+, Dy3+ with and without Na+ or K+. 

 10                30               50                70                90   2, degree 

3h 
 

4h 
 

5h 
 

6h 
 

2h 

1000

800

600

400

200

0

 Irel, a.u. 

   450              500              550              600             650    , nm 

ex = 393 nm 

Na+ 

 
 
 

   K+ 
 
 Nothing 



ABSTRACTS ENGLISH-LANGUAGE ARTICLES 
 

433

 
Fig. 8. Emission intensity of Sr3B2O6:Eu3+, Dy3+ in different doping concentrations  

(0:4%, 1:3%, 2:2%, 3:1%, 4:0%) of Eu3+, Dy3+. 
 
Figure 8 depicts the emission spectra of different Eu3+ and Dy3+ concentrations of Sr3B2O6:Eu3+, Dy3+ 

phosphors. When the doping ion is only Dy3+, the luminescence region is observed in the blue-and yellow-
light bands. The yellow-light emission intensity is lower than the blue-light emission intensity; hence, the 
color temperature is very high and the color is bluish without white light. When the doping ion is only Eu3+, 
the luminescence region is detected in the orange- and red-light bands and no white light is observed. How-
ever, the superposition of the emission spectra of the two ions can yield warm white light. The 4F9/2–6H13/2 
transition of Dy3+ is very sensitive at 575 nm. Figure 8 shows that the peak intensity at 575 nm decreases 
with the addition of Eu3+; however, with increasing doping concentrations, the peak intensity tends to stabi-
lize at a constant value. When the concentration of each Eu3+ and Dy3+ is 2%, the luminescence intensity of 
the two ions is the highest. Hence, the Dy3+ concentration was set at 2% and the Eu3+ concentration was 
changed to adjust the color coordinates of the phosphor. 

Figure 9 depicts the emission spectra of Sr3B2O6: Eu3+, Dy3+ phosphors at different Eu3+ doping concen-
trations when the Dy3+ concentration is 2%. The illustration shows the color coordinates of Sr3B2O6:Eu3+, 
Dy3+ phosphors at different Eu3+ doping concentrations. The Eu3+ doping concentration only affects the or-
ange and red luminescence intensities of the phosphors  and  has  no  effect  on the  position  of the  emission 

 

 
 

Fig. 9. Emission intensity of Sr3B2O6:Eu3+, Dy3+ in different doping concentrations  
(1, 2, 3, 4, and 5%) of Eu3+. 
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peak. When the Eu3+ concentration is small, the emission centers are isolated owing to limited red emission 
centers and the total energy transferred between the emission centers is small. With an increase in the Eu3+ 
concentration, the orange light gradually increases. White light can be produced when a small amount of yel-
low light is mixed with orange, red, and blue lights excited by Dy3+, and the emission color coordinate is at 
the white-light position. When the Eu3+ concentration is 3%, the luminescence intensity reaches the maxi-
mum value. The color coordinate diagram reveals that under the condition of a constant Dy3+ ion concentra-
tion, the light-emitting area shows a red shift as the Eu3+ concentration increases, and the mixture of blue and 
yellow-orange light can produce white light under near-UV excitation. Based on the color coordinate dia-
gram, when the concentrations of Dy3+ and Eu3+ are 2 and 3%, respectively, the color coordinates of the 
emission spectrum are closest to the center of the white-light region. The illustration is of the CIE pattern of 
Sr3B2O6:Dy3+, Eu3+ at different Eu3+ doping concentrations. 

Conclusions. Sr3B2O6:Eu3+, Dy3+ phosphors are prepared using the high-temperature solid-state meth-
od. The best sintering condition is a temperature of 700°C maintained for 3 h. When Sr3B2O6:Dy3+, Eu3+ is 
synthesized at this temperature and holding time, with doping concentrations of 2% Dy3+ and 3% Eu3+, the 
color coordinates of the emission spectrum are closest to the center of the white-light region and the lumi-
nescence performance is the best of all the samples tested in this work. A comparison of the emission peak at 
610 nm between samples, with and without Na+ as the charge compensator, indicates that the emission peak 
intensity increases by 282%. Therefore, Sr3B2O6:Eu3+, Dy3+ can achieve good fluorescence performance and 
be used as a single-matrix white light-emitting material for LEDs excited using near UV or blue light. 
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