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Abstract
This research reports on the synthesis of a series of lanthanum compounds. As an intermediate product,

La2O2SO4:Tb3+phosphors were prepared with a co-precipitation method. La2O2S:Tb3+ ceramic scintillator was
then synthesized by means of pressureless reaction sintering in a hydrogen atmosphere. XRD patterns show that the
crystal structure of the precursor is unidentified, and it can be transformed into pure La2O2SO4 phase after calcina-
tion at 800 °C in air. Compared with the Tb3+-ions-doped precursor, the La2O2SO4:Tb3+ phosphor has a stronger
green emission peak at around 542 nm, which is attributed to 5D4→7F5 transition of Tb3+ ions. The La2O2SO4:Tb3+

phosphor exhibits the highest green luminescence when the concentration of Tb3+ is 12 %. The corresponding de-
cay process (5D4→7F4) of the La2O2SO4:12%Tb3+ phosphor can be fitted into a double exponential function with
0.217 ls and 2.212 ls for t1 and t2, respectively. La2O2S:Tb3+ ceramic scintillator could be fabricated by sintering the
La2O2SO4:Tb3+ phosphor in a hydrogen atmosphere. It appears greenish yellow with good translucency and light
output performance.
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I. Introduction
Lanthanides (Ln) compounds, as one part of rare earth

(RE) materials, include numerous host matrixes, such as
oxysulfates 1, oxysulfides 2, phosphates 3, 4, molybdates 5,
sulfides 6 and fluorides 7. Ln oxysulfates (Ln2O2SO4)
have attracted considerable interest from researchers be-
cause of their low toxicity, unique luminescence behav-
ior and sharp emission peaks 8, 9. Accordingly, they have
been widely applied in bioimaging and photochemical
reactions 10, optical temperature sensors 11 and so on.
Ln2O2SO4 powder is conventionally synthesized with
the molten salt method 12, thermal decomposition synthe-
sis 13, the homogeneous precipitation method 14, the sur-
factant-assisted technique 15 and hydrothermal synthe-
sis 16. However, the procedures involved in these routes
are complicated, and it is generally difficult to get the re-
sulting products with good morphology. It is worth not-
ing that the luminescent efficiency of Ln2O2SO4:RE3+

phosphors greatly depends on size, shape, morphology
and dispersibility, etc. Therefore, it is necessary to prepare
the Ln2O2SO4:RE3+ phosphors with excellent properties
with a suitable method. The co-precipitation method has
been widely used 17. Not only does it provide a good way
to obtain a tunable size and good morphology, it can also
greatly reduce costs as it involves an easy-to-control pro-
cess. To the best of our knowledge, Ln2O2SO4 can con-
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vert into Ln oxysulfide (Ln2O2S) under reduction con-
ditions 18. Compared with Ln2O2SO4, Ln2O2S exhibits
low symmetry, a wide band-gap (4.6 – 4.8 eV), high light
absorption and excellent chemical stability 19 – 21, and it is
considered an excellent luminescent host. Since La3+ ions
have no 4f electrons, possessing a closed shell and optically
inert properties, La2O2S has been explored extensively in
fluorescence applications for many years 22 – 24.

To date, many glass scintillator and single crystal mate-
rials have been put into practical application in medical
imaging devices. However, some of them have an amor-
phous structure with poor cleavage properties and diffi-
cult-to-obtain high surface quality, resulting in the limita-
tion of their application range 25. In comparison, ceram-
ic scintillators are regarded as a new generation in detec-
tion materials owing to uniform doping concentration on
molecular level, average grain size, high scintillation effi-
ciency, low cost, etc., and have found numerous uses in
X-ray detectors, intensifying screens and charge-coupled
devices (CCD) 26, 27. Researchers have focused on prepa-
ration of RE3+-ions-doped La2O2S ceramic scintillators.
Yu.V. Orlovskii et al. has fabricated Nd3+-doped La2O2S
ceramic with the hot pressing sintering method and ob-
tained good properties 28. Later, our group firstly tried to
prepare La2O2S:Eu3+ ceramic by means of pressureless
reaction sintering with La2O2SO4:Eu3+ nanoparticle as
the intermediate product 18, which simplifies the process
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while reducing the cost. No paper seems to have touched
upon Tb3+-ions-doped La2O2S ceramic scintillator.

In this article, La2O2SO4:Tb3+ phosphor was synthe-
sized with a co-precipitation method and then the corre-
sponding La2O2S:Tb3+ ceramic scintillator was fabricated
by means of pressureless reaction sintering in hydrogen.
The comparison of phase, photoluminescence between the
Tb3+-ions-doped precursor and La2O2SO4:Tb3+ phos-
phors is discussed in detail. Furthermore, the scintillation
properties of La2O2S:Tb3+ ceramic scintillator have also
been investigated.

II. Experimental Procedure

(1) Sample preparation

La2O2SO4 was synthesized with the co-precipitation
method. The starting materials for synthesis were La2O3
(99.99 % purity), Tb4O7 (99.99 % purity), HNO3 (AR),
NH3H2O (AR) and (NH4)2SO4 (AR). According to the
host lattice of La2O2S, the Tb3+ ions (primary activa-
tor) concentration was set in the range of 0 – 18 mol%
and filled with the decrease of La3+ ions. Firstly, 0.1 M
(La1-x,Tbx)2(NO3)3 solution was prepared by dissolv-
ing La2O3 and Tb4O7 into diluted nitric acid. Then,
(NH4)2SO4 was added in the molar ratio of 2:1.5 for
[La3++Tb3+]:SO4

2- to form the mother liquor. A 3M NH3
⋅H2O solution was prepared as precipitant agent by dilut-
ing ammonia water in deionized water. The precursors
were then obtained by dropping 3M NH3⋅H2O into the
mother liquor at 2 mL⋅min-1 under constant stirring. In
the synthesis process, in order to keep the pH value at 9,
the ZD-2A automatic potential titrator was used to mon-
itor the reaction system. After dropping, the precipitate
was allowed to set for 2 h, then washed and separated with
deionized water and alcohol to obtain the precursors. The
obtained precursors were heated at 80 °C for half a day,
followed by calcining at 800 °C for 2 h in air. The products
were pressed into disks under 200 MPa pressure by means
of uniaxial compaction. Finally, the prepared phosphors
were sintered at 1500 °C in a hydrogen atmosphere for
2 h and cooled down to room temperature in a tubular
furnace to obtain the La2O2S:Tb3+ ceramic scintillator.

(2) Sample characterization

The structure and phase purity were investigated with
X-ray powder diffraction tools with CuKa = 1.5406 Å.
A TU1901 spectrometer with barium sulfate as a reference
was adapted to record the absorption spectra. Photolumi-
nescence (PL) spectra and decay time were analyzed with a
Hitachi F-7000 fluorescence spectrophotometer equipped
with IBH TemPro fluorescence lifetime measurement
system. The luminous photographs were obtained on a
Boteng Ultraviolet Light Analyzer with the light power
density of 0.8 mW⋅mm-2. The 1931 CIE standard for col-
orimetry was used to calculate CIE coordinates. The light
intensity output was measured with a charge-coupled de-
vice (90 kV, 2 mA), a commercial CdWO4 single crystal
being used as a reference.

III. Results and Discussion

(1) Phase structure analyses
To aid understanding of the phase structure of the sam-

ples, the XRD patterns of the precursor, the correspond-
ing calcination product as well as the standard JCPDS card
of La2O2SO4 are shown in Fig. 1. As can be seen from
Fig. 1(a), the diffraction peaks are well-defined, indicating
the crystal structures of the precursor are better in nature.
However, the obtained diffraction pattern is inconsistent
with the data reported in the JCPD card database and the
crystal structure is yet to be identified. After calcination
at 800 °C for 2 h in air, the diffraction peaks of the ob-
tained sample are well indexed to the tetragonal phase of
La2O2SO4 (JCPDS no.00 – 016 – 0501) without any im-
purity peaks, as shown in Fig. 1(b). It suggests that the
precursor can be completely transformed into La2O2SO4.
In addition, the characteristic peaks of La2O2SO4 phase
are sharper and stronger, indicating that the grain size and
crystallization have increased to some extent.

Fig. 1: XRD patterns of (a) the precursor; (b) La2O2SO4 nanopar-
ticle and (c) JCPDS card of La2O2SO4.

(2) Photoluminescence properties
Fig. 2 shows the PL excitation (Fig. 2(a)) and emission

spectra (Fig. 2(b)) of the Tb3+-ions-doped precursor and
La2O2SO4:Tb3+ phosphor, respectively. According to the
excitation spectra (Fig. 2(a)) monitored at 542 nm, a dom-
inant peak at around 374 nm is shown, assigned to the
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7F6→5D3 transition of Tb3+ ions. The characteristic peak
at around 230 nm is attributed to 4f8→4f75d1 transition
of Tb3+ ions. Weak peaks at around 317 nm, 350 nm and
484 nm can be ascribed to 8S7/2→6I11/2 transition of La3+

ions, 7F6→5D2 and 7F6→5D4 transition of Tb3+ ions, re-
spectively. At around 215 nm, the La2O2SO4:Tb3+ phos-
phor shows a narrow characteristic peak while it does
not appear in the precursor, this may be related to the
band gap self-absorption of the La2O2SO4 host lattice
(Eg =5.2 eV). Fig. 2(b) shows the emission spectra on ex-
citation at 374 nm. It consists of four emission peaks at
around 623 nm, 590 nm, 542 nm and 487 nm, arising from
the 5D4→7FJ (J = 3, 4, 5 and 6) transitions of Tb3+ ions, re-
spectively. The peak near at 542 nm exhibits the strongest
green emission. On the whole, the two samples have a sim-
ilar variation trend, but the peak intensity of the precursor
is far less than that of the La2O2SO4:Tb3+phosphor. The
reason might be the reduction of organic residues (OH-

and CO3
2-) as well as the better crystallization and small

grain size after calcination 29. Besides, the effects of surface
roughness on internal reflection might be another factor
that cannot be ignored 30.

Fig. 2: Photoluminescence excitation (a) and emission spectra (b) of
the Tb3+-ions-doped precursor (black) and La2O2SO4 nanoparti-
cle (red).

To gain more insight into the energy transfer mechanism
of the La2O2SO4:Tb3+ phosphor, the energy level dia-
gram is shown in Fig. 3. Firstly, electrons at ground state

were excited to excited state because of the absorption
of La2O2SO4 host, then the excitation energy was trans-
ferred to the Tb3+ ions, which was probably caused by the
diffusion of free e- and h+ and their capture at the Tb3+ ions
site. When the Tb3+ ions accepted the excitation energy,
the electrons transformed from the ground state 4F6 to ex-
cited state 4F7

5D1. Finally, electrons radiatively relaxed to
ground state, leading to the transition of 5D3,4→7FJ (J = 3,
4, 5, 6) and a green emission.

Fig. 3: Energy level diagram of energy transformation in a
La2O2SO4:Tb3+ nanoparticle.

Fig. 4: Relationship between Tb3+ ions doping concentration and
luminescent intensity of the precursor and a La2O2SO4 nanoparti-
cle.

Fig. 4 shows the relationship curves between the emis-
sion intensity of the 5D4→7F5 transition and the Tb3+

ions concentration. It reveals that as the concentration of
Tb3+ ions increases, the emission intensity increases ac-
cordingly. Once the Tb3+ ions reach maximum concen-
tration, the emission intensity decreases quickly, which
can arise from the concentration quenching. Note that the
maximum concentration of precursor (x = 15 %) is higher
than that of the La2O2SO4:x%Tb3+ phosphor (x = 12 %)
under the same excitation. It may be that large numbers of
boundary confinements exist in the precursor compared
to in the La2O2SO4, which greatly hinders the energy
transfer from doping ions to defect states 31.



348 Journal of Ceramic Science and Technology —G. X. Xu et al. Vol. 9, No. 3

Fig. 5: The luminescent photos of x%Tb3+-ions-doped precursor
and La2O2SO4 nanoparticle (x = 3 %, 6 %, 9 %,12 % 15 % and
18 %).

Fig. 5 shows the luminescence photos of the Tb3+-ions-
doped precursors and La2O2SO4:x%Tb3+ phospho-
rs under 254 nm UV light irradiation. It can be seen
that as concentration of the Tb3+ ions concentration
increases, the two samples appear greenish-yellow to
the naked eye, and the brightness trends are in agree-
ment with Fig. 4. In order to study the effects of dop-
ing concentration on color composition further, the CIE
chromaticity diagrams of the Tb3+-ions-doped precur-
sors and La2O2SO4:x%Tb3+ phosphors are shown in
Fig. 6. It can be seen that all the coordinates are locat-

ed in the green light area. The coordinates of the pre-
cursor doped with x%Tb3+ ions (x = 3 %, 6 %, 9 %,
12 %, 15 % and 18 %) are (0.3535, 0.5005), (0.3514,
0.5349), (0.3527, 0.5454), (0.3534, 0.5478), (0.3530, 0.5559)
and (0.3535, 0.5553), respectively. The coordinates of
La2O2SO4:x%Tb3+ (x=3%, 6%, 9%, 12%, 15% and
18%) phosphors are (0.3505, 0.5513), (0.3365, 0.5746),
(0.3374, 0.5745), (0.3403, 0.5756), (0.3481, 0.5719) and
(0.3496, 0.5681), respectively. Moreover, the purest green
emission dot coordinates of the precursor doped with
Tb3+ ions and La2O2SO4:Tb3+ phosphor are (0.3530,
0.5559) and (0.3403, 0.5756), corresponding to the con-
centration of 15 % and 12 %, respectively, which is in ac-
cordance with the luminescent photos of the Tb3+-ions-
doped precursor and La2O2SO4:Tb3+ phosphor and con-
centration quench curves.

Fig. 7 shows the decay curves of the 15%Tb3+-ions-
doped precursor and La2O2SO4:12%Tb3+ phosphor,
monitored based on 5D4→7F4 transition of Tb3+ ions
under 374 nm UV irradiation. It shows that the decay
curves are fitted into a double exponential function:
I(t)=I0+A1exp(-t/s1)+A2exp(-t/s2), where I(t), I0 and s
represent the luminescence intensity, initial intensity and
decay time, respectively. The lifetime of the 15%Tb3+-
ions-doped precursor and La2O2SO4:12%Tb3+ phos-
phor are 0.090 ms, 0.740 ms and 0.217 ms, 2.212 ms, re-
spectively. It is clear that La2O2SO4:12%Tb3+ phosphor
possesses a longer lifetime and the main reason is consis-
tent with the PL spectra.

Fig. 6: CIE chromaticity diagrams of Tb3+-ions-doped precursor (left) and La2O2SO4 nanoparticle (right).
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Fig. 7: Decay curves of Tb3+-ions-doped precursor and La2O2SO4
nanoparticle.

Fig. 8: (a) XRD pattern of La2O2S:12%Tb3+ phosphor and (b)
standard diffraction peaks of La2O2S (JCPDS No. 00 – 027 – 0263),
the inset of Fig. 8 shows photographs of the La2O2S:12%Tb3+

ceramic scintillator.

(3) Scintillation properties of La2O2S:Tb3+ ceramic
scintillator

Based on the analysis of luminescent results of
La2O2SO4:x%Tb3+ phosphors, we chose x = 12 % as
the Tb3+ ions optimum doping concentration to prepare
La2O2S:12%Tb3+ ceramic scintillator. Fig. 8 shows the
XRD pattern of La2O2S:12%Tb3+ ceramic scintillator
fabricated by sintering La2O2SO4:12%Tb3+ phosphor
in a hydrogen atmosphere. It shows that the phase of the
sintered sample in Fig. 8(a) is well indexed to hexagonal
phase of pure La2O2S (JCPDS card 00 – 027 – 0263), in-
dicating La2O2SO4:12%Tb3+ phosphor has completely
converted into La2O2S:12%Tb3+ ceramic scintillator and

the doped Tb3+ ions have no obvious impact on crystal
structure composition. In addition, the inset of Fig. 8
shows that the La2O2S:12%Tb3+ ceramic scintillator ap-
pears greenish-yellow under 254 nm UV light irradiation
with good translucency.

For further investigation of the scintillation prop-
erties, photographs of CdWO4 single crystal and
La2O2S:12%Tb3+ ceramic scintillator, x-ray images and
lightoutputcurvecomparisonsbetween La2O2S:12%Tb3+

ceramic scintillator and CdWO4 single crystal are shown
in Fig. 9. The curve indicates that the light yield of the
ceramic scintillator is around one third of that of the Cd-
WO4 single crystal.

Fig. 9: Photographs of CdWO4 single crystal and La2O2S:12%Tb3+

ceramic scintillator, X-ray image and light output curve comparison
between CdWO4 (left) and the La2O2S:12%Tb3+ ceramic scintilla-
tor (right).

As we know, afterglow value is an important evalua-
tion standard in imaging, significantly affecting the speed
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and repeatability of acquiring image data 32. Fig. 10 shows
the decay curve of La2O2S:Tb3+ ceramic scintillator ex-
cited by X-rays. It shows when the luminescent inten-
sity decreased to 1.03 % and 0.49 %, the decay times of
the La2O2S:Tb3+ ceramic scintillator reached 30 ms and
100 ms, respectively. It is worth noting that the light-out
capability plays an important role in imaging system and
detection performance. In addition, X-ray stopping pow-
er as well as the radiation damage value of ceramic scintil-
lators also affect the scintillation properties 33. Therefore,
it is necessary to further systematically investigate and op-
timize the performance of La2O2S:x%Tb3+ ceramic scin-
tillator.

Fig. 10: Decay curve of 12%Tb3+-ions-doped La2O2S ceramic scin-
tillator.

IV. Conclusions
The La2O2S:Tb3+ ceramic scintillator has been success-

fully synthesized with a simple co-precipitation method
combined with pressureless reaction sintering in hy-
drogen. The XRD pattern shows that after calcination
at 800 °C for 2 h, the precursor had completely trans-
formed into pure La2O2SO4 with tetragonal phase. Based
on the analysis of photoluminescence, both the Tb3+-
ions-doped precursor and the La2O2SO4:Tb3+ phosphor
possess green-light-emitting ability. But in comparison,
La2O2SO4:Tb3+ phosphor possesses stronger excitation
and emission peaks. Besides, under 374 nm UV light exci-
tation, the strongest green emission peak at around 542 nm
can be observed for La2O2SO4:Tb3+ phosphor. After be-
ing sintered in hydrogen atmosphere, La2O2SO4:Tb3+

phosphor has totally converted into La2O2S:Tb3+ ce-
ramic scintillator, appearing greenish-yellow with good
translucency and a light output of around one third that
of CdWO4 single crystal, indicating that the pressureless
reaction sintering method is an effective way to prepare
La2O2S:Tb3+ ceramic scintillator.
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