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Process flow for preparing rare earth phosphors by sulfur fusion method.
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Fig.3 XRD patterns of (Gd,,Tb,,0,S phosphors at different

Tb*>" doping concentrations (x=0.25mol%, 0.75mol%,

1mol%, 2mol%, 3mol%, 4mol%).
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Fig. 4 The emission spectra of (Gd,,Tb,),0,S phosphors at

various Tb®" doping concentrations (x=0.25mol%,
0.75mol%, 1mol%, 2mol%, 3mol%, 4mol%).
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Table 2 Calculated crystalline size of (La,Gd,,),0,S:Tb
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Fig. 7 Contour maps of electron density.
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Table 3 Bond length and charge of atoms of Gd,0,S:Tb and (La, ;Gd,),0,S.

K (nm) M
R
Gd-O, Gd-0, Gd-S Gd S (0]
Gd,0,S 0.2263 0.2704 0.2859 0.95 —0.53 —0.69
(Gd,-Lay3),0,S 0.2283 0.2533 0.2923 0.81 —0.56 —0.67/-0.79
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Fig. 10 Excitation spectra of (Gd,_La,),0,S:Tb phosphors monitored at 544nm.
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Influence of Rare Earth Terbium and Lanthanum Doping on the Lattice
Field and Luminescence Performance of Gadolinium Oxysulfide

ZHANG Jing"*, XU Naicen', SHEN Jialin'", JIN Fan'

(1. Nanjing Center, China Geological Survey, Nanjing 210016, China;
2. Nanjing Tech University, Nanjing 211816, China)

HIGHLIGHTS

(1) Tb*" doped Gd,0,S phosphors were prepared via the sulfur-melting method, and the impact of Tb*" doping
concentration on the fluorescence properties of Gd,0,S was studied.

(2) The rare earth ion La’" was introduced to substitute the matrix ion Gd’" in Gd,0,S, altering the crystal field
environment surrounding Tb*", and effectively improving the fluorescence properties of Gd,0,S.

(3) The energy transfer mechanisms of Tb>* and La*" within the Gd,0,S matrix were explored, and the mechanism

of action of rare earth ion doping on the Gd,O,S phosphor was analyzed.

ABSTRACT: Rare earth oxysulfides possess excellent energy transfer efficiency, along with remarkable thermal
and chemical stabilities. Currently, it remains a challenging research focus to fluorescent powder characterized by a
small particle size, narrow distribution, and high luminescence intensity. Here, we primarily investigate ways to
enhance the luminescent intensity of rare earth sulfur oxide phosphors synthesized via the sulfur fusion method and
to reduce the particle size of these phosphors. By using the sulfur melting technique, fluorescent powder was
created, with doping ions Tb*" and La’®" of rare earth integrated. Various methods such as fluorescence spectroscopy,
and X-ray diffraction were employed to investigate how rare earth terbium and lanthanum doping impacts the lattice
structure and luminescent capabilities of gadolinium oxysulfide. The experimental results indicate that the
fluorescent powder has a pure hexagonal crystal structure. The luminescence intensity of the fluorescent powder
reaches its maximum when the doping concentration of Tb>* is 2mol%. When the La’" doping concentration is
60mol%, the luminescence intensity is 1.9 times that of the undoped La®* sample. Therefore, introducing rare earth
terbium and lanthanum atoms can effectively improve the optical properties of fluorescent powders. The BRIEF
REPORT is available for this paper at http://www.ykes.ac.cn/en/article/doi/10.15898/j.ykes.202405070105.
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BRIEF REPORT
Significance: Luminescent material made of rare earth sulfur oxides has garnered significant attention due to its

[10-12]

excellent light absorption and transmission properties , and has been successfully applied in various fields such

as optoelectronic devices, magnetic materials, catalysts, etc!¥ 11,

Researchers have recently conducted a comprehensive investigation into the physical and chemical properties
of rare earth sulfur oxides, as well as their preparation methods, revealing that the particle morphology, size, and the
ratio of raw materials are all significant factors. Meanwhile, The luminescent properties of rare earth sulfur oxides
are influenced by the heat treatment temperature and flux selection'”"®). Qian et al'"” synthesized Gd,0,S phosphors
doped with Tb*" and Sm*" by the hydrothermal method. The resulting phosphor exhibits a capsule-like morphology
and a hexagonal crystal structure, coupled with excellent luminescent properties. By changing the ion concentration
and the excitation wavelength, adjustable luminescence of various colors from green light to orange red light can be
achieved. By changing the dopant ion concentration and the excitation wavelength, tunable luminescence of various
colors from green light to orange red light can be achieved. Jiang et al®” synthesized Tb*" doped Gd,0,S phosphors
in various morphologies, including flakes, spheres, squares, prisms, and rods by adjusting the pH value of the
solution. The findings reveal that all these phosphor forms possess a pure hexagonal phase. As the shape varies, the
band gap energy of the phosphor gradually increases from 3.76eV to 4.28eV, and the luminescence performance
adjusts accordingly. Notably, phosphors with spherical and cubic microstructures exhibit superior luminescent
properties, and the emission color of the resulting phosphors is significantly affected by the excitation source.
Machado et al®! investigated the synthesis of a series of Er'" doped Gd,0,S phosphors and Er*" and Yb*" doped
Gd,0,S phosphors using the rapid microwave-assisted solid-phase method (MASS). Two distinct precursor
compounds were employed, rare earth oxide (Ln,0;) and hydroxycarbonate [Ln(OH)CO;], with Ln representing Gd,
Er, and Yb. The findings indicate that substituting Ln(OH)CO; for the conventional Ln,O; in MASS synthesis
facilitates a uniform distribution of Er’” and Yb*" within the Gd,0,S matrix, resulting in enhanced up-conversion
luminescence properties. Moreover, the MASS method reduces preparation time by 79% and energy consumption
by 93% compared to traditional solid-phase techniques. The sulfur melting method, being the most widely adopted
approach, is characterized by its operational simplicity and the outstanding luminescence performance of the
resulting powder. However, samples synthesized through this method are highly prone to agglomeration, typically
resulting in a relatively large particle size. For phosphors, having a regular geometric shape and smaller particle size
can enhance the bulk density of the particles. This, in turn, reduces the energy scattering rate, enabling the
generation of more uniform light emission. Simultaneously, as the particle size decreases, the specific surface area
increases. A larger specific surface area often leads to the presence of a significant number of surface defects. These
defects, conversely, can cause a decline in the luminous intensity. Consequently, the acquisition of gadolinium
oxysulfide fluorescent powder, which is characterized by a small particle size, a narrow distribution, and high
luminescence intensity, remains a challenging research focus.

To optimize the luminescence intensity and resolution of fluorescent powder synthesized by the sulfur melting
method, a systematic study was conducted. First, the effect of Tb®" doping on the fluorescent powder's
characteristics was carefully examined. Then, the impacts of introducing the rare earth modifying ion La’" on the
powder’s structural and physicochemical properties were elucidated. Characterization methods such as X-ray
diffractometry and fluorescence spectrophotometry were used. The “concentration quenching mechanism” and
“lattice field symmetry” were preliminarily explored. Research has revealed that the luminescence intensity attains
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its maximum value when the Tb>" doping concentration is 2mol%. When the La’" doping concentration reaches
60mol%, the luminescence intensity is 1.9 times that of the sample without La’" doping, indicating a significant
enhancement in luminescence. This sulfur melting method has effectively improved the light emitting intensity of
the phosphors. Consequently, it has established a robust basis for the subsequent fabrication of phosphors that
feature a uniform particle size distribution, high color purity, and high light emitting intensity.

Methods: In this study, we precisely measured gadolinium oxide, sublimated sulfur, anhydrous sodium carbonate,
terbium oxide, and lanthanum oxide in accordance with the stoichiometric ratio. The material was mixed with the
agate balls and placed on a ball mill for 10h to ensure thorough and even mixing. After the mixed material was
dried, it was subjected to calcination in a high-temperature programmed furnace using a double crucible embedding
method. The heat treatment temperature was set to heat from room temperature to 270°C and maintained for 1h,
followed by an increase to 1100°C for 3h, with a heating rate of 5°C/min. The calcined powder was cooled naturally,
placed in a beaker, washed three times with deionized water and then suction filtered. After undergoing repeated
washing and suction filtration three times, the sample was placed in a drying oven and dried at 80°C for 12h.
Subsequently, Tb** and La** doped Gd,0,S phosphor was obtained through sieving.

Utilizing the Rigaku Corporation’s D/max-2500 X-ray diffractometer, we conducted an assessment of the
sample’s phase composition and structure. The operating conditions were as follows: working voltage 40kV,
working current 100mA, Ni filter, graphite monochromator, DS (diverging slit) 1°, SS (anti scattering slit) 1°, RS
(receiving slit) 0.lmm. The optimum wavelength is 0.154nm, continuous scanning, step size of 0.02°, scanning
speed of 8°/min, using Cu Ka rays, with a 20 angle scanning range of 10°—80°. A fluorescence spectrophotometer
(Lumina, ThermoFisher Scientific, USA) was utilized to evaluate the excitation and emission spectra of the sample.
The excitation spectrum was measured under 544nm monitoring, and the emission spectrum was measured under
254nm excitation. The slit width was set to 1nm, the detector voltage to 500V, and the scanning speed to 60nm/min.
To avoid the impact of doubling peaks during the testing process, a 500nm filter was chosen. Wavelength accuracy
was <0.5nm, and repeatability was <0.2nm.

Data and Results: The phosphor’s luminescence intensity is significantly influenced by the doping concentration of
Tb>*. When the Tb*" concentration ranges from 0.25mol% to 4mol%, the luminescence intensity at 544nm initially
increases and then decreases. Specifically, when the Tb*" concentration reaches 2mol%, the luminescence intensity
at 544nm peaks. Once the Tb®" doping concentration exceeds 2mol%, a concentration quenching phenomenon
occurs (Fig.4). This phenomenon can be ascribed to electric dipole-dipole interactions. According to Dexter’s
theory, the concentration quenching of the *D,—Fj transition of Tb*" is caused by the dipole-dipole effect, and the
quenching distance is approximately 1.6nm. Moreover, the incorporation of La’* doping ions enhanced the
electronegativity of the sulfur layer, consequently inducing lattice distortion. As the amount of Gd*" replaced by
La*" increased, the XRD peaks shifted towards lower diffraction angles (Fig.6), and the corresponding unit cell
parameters gradually expanded. According to density functional theory (DFT) and Mott-David theory, calculations
revealed that the band gap of (Gd, La,),0,S:Tb decreases as the La’" concentration rises and the valence states
change (Fig.8). Notably, the increasing electronegativity of S strengthens the repulsive force on the crystal surface.
When the La’" concentration ranges from 15mol% to 60mol%, the excitation spectra shift towards shorter
wavelengths. This shift enhances the luminescence intensity of the Gd,0,S phosphors co-doped with rare earth Tb*"
and La®" . Under 254nm excitation, the luminescence intensity of the emission spectrum gradually increases (Fig.9).
Measurement of the phosphors’ decay time showed that the symmetry of the crystals progressively decreases with

the increase in La’" doping concentration (Fig.11).
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