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A series of RE3" (RE = Eu/Tb/Ce)-activated Sr;La(PO,);0 (SLPO) phosphors are synthesized with a high-
temperature solid-state reaction method. The photoluminescence properties, thermal stability, morphology,
and CIE values of the SLPO:Eu’*/Th3* /Ce®* phosphors are investigated. Under 394 nm excitation, the
SLPO:Eu?* exhibits red emission, and the SLPO:Th3" presents a green emission upon 379 nm excitation, while
Ce*t-doped SLPO has a broad emission band ranging from 370 to 650 nm under 337 nm excitation. The
investigation results indicate that the SLPO:Eu*/Th3*/Ce?* phosphors can be effectively excited by near-
ultraviolet light and may have the potential to serve as red-, green-, and blue-emitting phosphors for applications

in white light-emitting diodes.
OCIS codes: 160.4760, 230.3670, 300.6170.
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In phosphor-converted white light-emitting diodes
(w-LEDs), phosphors are one of the key materials in light-
ing technology and have been widely investigated?. The
most common and simplest way to achieve white light
is the combination of a blue LED chip and the yellow-
emitting Y3Al;0,5:Ce* (YAG:Ce) phosphor?. However,
this approach causes several serious problems, such as
low color-rendering index (CRI, Ra ~70-80) and high
correlated color temperature (CCT, ~7750 K), due to
the deficiency of a red emission component®?. One solu-
tion to this problem is to make LEDs by coating a
near-ultraviolet (NUV)-emitting LED with a mixture of
blue-, green-, and red-emitting phosphors that could
present tunable CCTs and excellent CRI valuesZ. In this
case, the performance of w-LEDs strongly depends on the
luminescence characters of phosphors used, so it is impor-
tant to explore new phosphors with excellent luminescence
properties. The apatite with the general formula
Mo(EO, )Xy (M = Ca?*, Sr?*, Ba’t, Y3, La*t, Gd3*,
Mn?t, Nat, KT, etc.; E =P, Sitt, A>T, Vo, etc.;
X =O0H", F, Cl-, 0?7, etc.) has been extensively stud-
ied as fluorescent lamp phosphors?. Sr,La(P04),0
(SLPO) is isostructural to the apatite compound. Its
lattice contains different types of cationic sites, nine-fold
coordinated 4f sites with C5 point symmetry, and seven-
fold coordinated 6 h sites with C, point symmetry. Sr
atoms occupy both sites and La atoms are located at
the 6 h site?. Both sites are suitable and can easily accom-
modate a great variety of rare earth (RE) ions. Compounds
with apatite structure are of practical interest as efficient
luminescence materials when doped with RE ions due to
their high thermal stability, low sintering temperature, high
chemical stability, and environmental friendliness?. In
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recent decades, Eu?t-doped apatite compounds have been
used as red-emitting phosphors, such as BiCa4(PO4>3OM
and CaLa,(Si0,);0Y. In addition, Th3*-doped apatite
compounds have also attracted great interest, such as
KLaSr3(PO,);F& and Ca,Bag(PO,);CIE. Moreover, as
a lanthanide ion with the simplest electronic configura-
tion, Ce?* has a 4f15d° ground state and a 4f°5d! excited
state, and therefore shows typical 4f—5d transitions ions
appearing in a large wavelength range that deeply
depends on the host lattice. Apatite compounds doped
with Ce®" ions have also been investigated, such as
CagLay(PO,)0, and SryLay,Cay(PO,)s0,%.

So far, the phosphate apatites have proven to be out-
standing host materials for phosphors due to their good
physical and chemical stability. In this work, the SLPO
compound was chosen to serve as the host material in which
the cation ions of Sr’* and La** could provide different
sites for activators of RE as well as transition metal ions.
A series of SLPO:Eu*t/Th3" /Ce?t phosphors were pre-
pared by the solid-state reaction method, and their photo-
luminescence (PL) properties were investigated.

Powder samples of Sr,La;_,(PO,);:zEu®t
(SLPO:zEw*t, 0<2<0.17), SrLa;_,(PO,);:2Th3*
(SLPO:2Tb3", 0 < 2 <0.17), and SryLa;_,(PO,);:2Ce?*
(SLPO:2Ce?t, 0 < 2 < 0.17) were prepared by the solid-
state reaction method. The starting materials included
SrCO;3 (99%), (NH,),HPO, (99%), La,Os; (99.99%),
Euw, 03 (99.99%), Th,O; (99.99%), and CeO, (99.99%).
2wt% LipCO3 (99%) was introduced as a flux. Stoichio-
metric amounts of the starting reagents were thoroughly
mixed and ground together by an agate mortar. The mix-
ture was first fired at 600°C for 3 h in air, reground, and
calcined at 1200°C for 5 h in a reduction atmosphere
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(Ny:Hy = 95:5) for SLPO:Tb*" and Ce**, and in air
for SLPO:Eu?*.

The phase purity was determined by using an ARL
X'TRA powder X-ray diffractometer (XRD) with Cu
Ka radiation (4 = 1.5406 A) operating at 40 kV and
35 mA. The PL spectra were recorded on an FS5 fluores-
cence spectrophotometer with a 150 W xenon lamp as the
light source. The temperature-dependent measurement
was carried out by an FS5 spectrofluorometer system,
and the samples were mounted on a heating device whose
temperature could be changed from 25°C to 200°C in 1°C
increments.

Figure 1 shows the XRD patterns of the
SLPO:xEuw*t /zTh** fzCe®t (2 = 0-0.17) samples, to-
gether with the standard card data of Sry;Bi(PO,);0
(JCPDS 44-0180) as a reference. Compared with the stan-
dard data, no obvious signal from impurities is observed,
indicating that the as-synthesized phosphors are isostruc-
tural with Sr;Bi(PO,4);0. With the increase of the doping
concentration, the diffraction peaks likewise have almost
no change, indicating that the doped Eu*, Th3*, or Ce?*
ions do not cause any significant changes in the crystal
structure. This means that the phase formation of SLPO
is not influenced by little amounts of Eu?* Th3*, or Ce3*.

In the SLPO host, there are two cationic sites, the M(I)
sites are occupied by 2 Sr** cations in (5 symmetry, while
the M(II) positions with C'¢ symmetry could be occupied by
the other 2 Sr>* and La®*. Considering the ionic radii and
valence state of the cations, the Eu?*, Th3*, or Ce3* jons are
expected to substitute the La3* sites primarily in the SLPO
latticel.

The PL excitation (PLE, A, = 611 nm) and emission
(PL, Aoy = 394 nm) spectra of SLPO:0.05Eu*" are shown
in Fig. 2. In the PLE spectrum, the broadband in the range
of 240 to 320 nm is due to the charge transfer band (CTB),
which is allowed by the selection rules. The sharp excita-
tion peaks between 350 and 480 nm are attributed to the
intra-4f transitions from the Eu® ground state “F,. The
peaks located at 361, 382, 394, 413, and 466 nm corre-
spond to the tramsitions of ("F-°D,), ("Fy-"L;),
("Fo-°Lg), ("Fyp-°Ds), and ("Fy-°D,), respectively .
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Fig. 1. XRD patterns of (a) SLPO:zEw** (z = 0-0.17),
(b)  SLPO:2Tb** (2 = 0-0.17), and (c) SLPO:zCe**
(z = 0-0.17).
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Fig. 2. (Color online) PLE (4., = 611 nm) and emission (PL,
dex = 394nm) spectra of SLPO:0.05Eu®* phosphor.

excitation of 394 nm has several emission peaks at 572,
594, 611, 651, and 707 nm that are assigned to the typical
"Dy-F; (j = 0-4) transitions of Eu", respectively. The
most intense emission line of SLPO:0.05Eu** at 611 nm
corresponds to the Eu?* °D,-"F, forced electric transition,
indicating the absence of inversion symmetry of the sites
occupied by the Eu?* ions. This agrees with the oxyapa-
tite structure (space group, Pgs/m), which provides low-
symmetry sites for Eu* ions, i.e., the nine-coordinated 4f
(Cs) site and/or seven-coordinated 6 h (Cs) site’. The
°Dy-"F, transition is a forbidden one and will be present
only when Eut occupies sites with local symmetries of C,,,
Cyy, or C,2. Intense emission of this °D-"F, transition is
found in the SLPO:0.05Eu** emission spectrum, which
indicates that Eut prefers to substitute La*" with C,
symmetry in SLPO.

Figure 3(a) shows the emission spectra of the
SLPO:zEw*t (z = 0.01, 0.05, 0.07, 0.12, and 0.17)
phosphors. The shapes of the emission spectra at different
Eu?* ion concentrations are similar. The highest intensity
of the °Dy-"F, transition occurs when z = 0.05 in
the SLPO:zEu’t series. To explore the concentration
quenching mechanism, the critical distance (R,) between
the Eu®t ions was calculated according to the proposed
Blasse equation®
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Fig. 3. (Color online) (a) Emission spectra of SLPO:zEu*
(z = 0.01, 0.05, 0.07, 0.12, and 0.17) at room temperature;
(b) the relationships of log(zEu") versus log(I/zEu*t); inset:
PL intensity of SLPO:zEu?* as a function of Eu** concentration.

121602-2



COL 15(12), 121602(2017)

CHINESE OPTICS LETTERS

December 10, 2017

3V V!
~ 2 1
3 (WCN), )

where V' is the volume of the unit cell, N is the number of
cationic sites in the host lattice unit cell, and y, is the
optimized concentration of activator ions. For the SLPO
host lattice, V = 596.05 A*2 N = 10, and the opti-
mum concentration of Eu** ions in the SLPO host lattice
is y. =~ 0.05. Therefore, the R, value was found to be
about 13.16 A.

According to Ref. [20], nonradiative energy transfer in
the luminescence of oxidic phosphors occurs by means of
electric multipolar-multipolar interaction or exchange.
The interaction type between sensitizers or between sen-
sitizer and activator can be calculated by the following

equation based on Dexter theory2

é:Ku+m@%ﬁ (2)

where I is the luminescent intensity, x is the activator
concentration, and K and g (> 1) are constants for
a given host crystal under the same excitation condition.
The type of nonradiative energy transfer can be deter-
mined by analyzing the constant 6 from the formula.
If & = 3, exchange coupling is the main cause of concen-
tration quenching. Further, 8 = 6, 8, and 10 are assigned
to electric dipole-dipole (d-d), dipole—quadrupole
(d—q), and quadrupole—quadrupole (q—q) interactions,
respectively'Z.

To obtain the value of 8, the concentration dependence
curve [log (I/z) versus log(z)] for the luminescence inten-
sity of SLPO:2Eu** at 611 nm when excited at 394 nm is
shown in Fig. 3(b). The slope of the fitted straight line
(—0/3) was determined to be —1.08 with a value of R?
(0.98003). Therefore, the value of 6 can be calculated to
be 3.24, which is close to 3. This result indicates that
exchange coupling should be mainly responsible for the
concentration quenching of the Eu?* emission center in
the SLPO:zEu?* phosphor.

The PLE and PL spectra of a typical SLPO:0.07Th3*+
sample are shown in Fig. 4. By monitoring 539 nm,
the broad excitation band from 240 to 300 nm could be
attributed to the 4f-5d transition of Th>T™. In the
NUV region of 300 to 400 nm, the characteristic 4f-4f
transitions of Th3* are observed, and the strong excita-
tion peaks located at 302, 316, 337, 345, 357, 379, and
484 nm are attributed to the "Fg-"Hg, "Fs-"Dy, "Fg-"Ls,
"Fg-"Lg, "Fg-"Dsy, "Fg->D3, and "Fg-°D, transitions,
respectively 2,

Upon 379 nm excitation, seven obvious emission peaks
at 450, 464, 485, 539, 591, 616, and 642 nm are ascribed to
the °D3-"F3, °D3-"Fy, and °D,-"F; (j = 6-2) transitions
of Tb**, respectively®2), The predominant emission
is located at 539 nm; therefore, green light is observed.
To determine the optimal Th3* concentration, the emis-
sion spectra of SLPO:zTbh** (z = 0.01, 0.05, 0.07, 0.12,
and 0.17) are shown in Fig. 5(a), which indicates the
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Fig. 4. (Color online) PLE (4., = 539 nm) and emission (PL,
Aex = 379 nm) spectra of SLP0:0.07Th** phosphor.
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Fig. 5. (Color online) (a) Emission spectra of SLPO:zTh3*
(z = 0.01, 0.05, 0.07, 0.12, and 0.17) at room temperature;
(b) the relationships of log(zTh%") versus log(l/zTb*'),
inset: PL intensity of SLPO:#Tb* as a function of Tb3*+
concentration.

SLPO:0.07Th3*
intensity.

According to Eq. (1), the R, value of SLPO:2Th*" can
be calculated to be 11.49 A. Figure 5(b) was proposed to
determine the type of nonradiative energy transfer, from
which the value of 6 can be calculated to be 3.0006. It
indicates that exchange coupling should be mainly respon-
sible for the concentration quenching of the Th3* emission
center in the SLPO:2Th?* phosphor.

Figure 6(a) shows the PLE and PL spectra of
SLPO0:0.12Ce3*. The PLE spectrum monitored at
480 nm shows a broad absorption from 240 to 420 nm
consisting of two broad bands, centered at about 290
and 340 nm, due to the 4f7-4f65d' transition of the
Ce3* jons. It has a strong intensity around 330 to
350 nm, matching well with the UV-LED chips. When
pumped by 337 nm, the SLPO:0.12Ce?** PL spectrum ex-
hibits a broad emission band with a width of 143 nm.

Figure 6(b) shows the emission spectra of SLPO:2Ce?*
with various Ce?* concentrations (z = 0.01, 0.05, 0.07,
0.12, and 0.17). It can be found that with the increase
of Ce’* content, after reaching a maximum at
z = 0.12, the intensity declines due to the concentration
quenching effect. Moreover, as the Ce?" concentration
increases, the emission maximum shifts to a longer wave-
length. The redshift phenomenon could arise from the

sample has the strongest emission
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Fig. 6. (Color online) (a) PLE (4, = 482 nm) and PL
(Aex = 337 nm) spectra of SLP0:0.12Ce** phosphor; (b) the
PL (dex = 337 nm) spectra of SLPO:xCe®* (z = 0.01, 0.05,
0.07, 0.12, and 0.17) at room temperature. Inset (up left): Cell
volumes of SLPO: zCe®t (0.01 £2<0.17) as function of Ce®*
concentration. Inset (up right): the relationship between the
emission peak with the intensity and the Ce" concentration
in SLPO:zCe?*.

following sources. First, an energy transfer from the Ce3*
ions at higher 5d energy levels to those at the lower energy
levels, caused by the increase of Ce?" concentration, will
cause the energy from the 5d excited state to the 4f ground
state to decrease and then the emission energy to decrease,
represented by the redshift?!. Second, in SLPO, the dop-
ant Ce3" is expected to preferentially occupy the La®* site,
due to their identical valences and similar ionic radius.
The up left inset of Fig. 6(b) presents the cell volumes
of SLPO:xCe3* phosphors calculated with XRD data.
It shows that when more La* ions are substituted and
occupied by smaller Ce?* ions, the lattice will shrink,
which can lead the distances between the luminescence
centers of Ce?t and the ligands O%~ to become shorter.
The relation between the crystal-field splitting D,, and
the bond length R is given as

Ze*rt
D,= N (3)

where Z is the anionic charge, e is the charge of the elec-
tron, and r is the radius of the 5d wavefunction®. Thus, it
can be known that the shorter Ce3*-O%~ distance R also
increases the magnitude of the crystal field, so that it
results in a larger split of the 5d levels, which causes
the redshift of the emission wavelengths. Similar
phenomenon caused by the change of crystal-field splitting
in Ce3"-doped SryLa,Cay(PO,)s0, and CayLaZryGazOy,
phosphors have been reported22J.

The full width at halfmaximum (FWHM) value of
about 6175 cm™! (excited at 337 nm) is relatively broad
compared to the typical YAG:Ce®* phosphors
(~4000 cm1)Z. Some studies have shown that the emis-
sion spectra of the Ce3*-activated phosphors may be
related to the site occupations of Ce’" ions in the
lattice™222 T order to investigate the site occupation
rule of Ce?* in SLPO, the emission spectra excited at
different wavelengths and the excitation spectra moni-
tored at different emission wavelengths of the sample
SLP0:0.01Ce** were recorded.
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Fig. 7. (Color online) Normalized (a) PL and (b) PLE spectra of
SLPO:0.01Ce*" excited and monitored at different wavelengths.

Figure 7 shows the normalized PL and PLE spectra of
SLPO:0.01Ce3*, excited and monitored at different wave-
lengths. It can be noted that with an increase in
excitation or emission wavelength, the corresponding
PL or PLE spectra show different shapes and their maxi-
mum positions gradually shift toward longer wavelengths,
which indicates that Ce3* is probably able to occupy more
than one site in an SLPO host, even at a low concentra-
tion. When excited at 310 nm, SLP0:0.01Ce?* shows a
blue emission and its PL spectrum exhibits a broad band
with a maximum at about 415 nm. When the excitation
wavelength is 360 nm, the emission band is changed to
505 nm with a green emission. The redshift phenomenon
may be due to the selective excitation of Ce3* ions that
occupy different sites in SLPO, and similar cases have
been reported in Refs. [14,28].

The temperature dependences of luminescence for
SLPO:0.05Eu**, 0.07Th*", and 0.12Ce3t are presented
in Figs. 8(a), 8(b), and 8(c), respectively. The emission in-
tensity decreases as the temperature increases from 25°C
to 200°C.
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Fig. 8. (Color online) PL spectra of (a) SLPO:0.05Eu"
(dex = 394 nm) and (b) SLPO:0.07Tb*" (l = 379 nm) at
different temperatures, inset: the temperature dependence of
the integrated emission intensity; (c) the PL spectra of
SLPO:0.12Ce*"  at different temperatures (de = 337 nm);
(d) the activation plot for thermal quenching of
SLPO:0.12Ce**, inset: temperature dependence of the integrated
emission intensity.
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With increasing measured temperature, the emission
intensities of SLPO:0.05Eu" and SLP0O:0.07Tb?*" phos-
phors demonstrate a gradual decrease, but the profiles
of these emission spectra do not change. To observe
the intensity decrease quantitatively, the corresponding
temperature dependences of the Eu** and Th3* integrated
emission intensities are depicted in the insets of Figs. 8(a)
and 8(b), respectively. It is seen that the emission
intensities of SLPO:0.05Eu*" and SLPO:0.07Th3" exhibit
a relatively fast decrease within the measured temperature
of 100°C, but beyond this temperature the inten-
sities change little. Compared with SLPO:0.07Th*" and
SLPO0:0.12Ce**, the SLPO:0.05Eu®* phosphor shows a
more excellent thermal stability in which the relative inten-
sity at 2000°C retains as much as 88% compared to that at
250°C.

From Figs. 8(c) and 8(d), it can be seen that the emis-
sion intensity of SLPO:0.12Ce* drops rapidly with an
increase in temperature increase, and only about 41%
emission intensity remains when the temperature is raised
up to 150°C. This is not a very good value compared with
the commercial YAG:Ce3* phosphor, which is known to
be a stable phosphor with a high thermal stability.
Further studies will be necessary to prevent thermal
quenching. The large thermal quenching behavior of
Ce** in SLPO may be due to the fact that with the
increase of temperature, the population of higher vibra-
tion levels and the density of phonons will increase so that
nonradiative energy transfer will be more likely to occur,
which can cause decreased 5d-4f transition intensity. In
addition, a slight blueshift of the emission band is
observed as the temperature increases. This should be
ascribed to thermally active phonon-assisted tunneling
from the excited states, from a lower energy in the emis-
sion band to the excited states with the higher energy
emission band of Ce** in which the configuration coordi-
nate diagram occurs2.

To investigate temperature quenching characteristics
further, the activation energy (AFE) was calculated using

the Arrhenius equation!

(1) =——1 (4)

1+ Aexp (— ﬁ>
where I is the initial emission intensity, I( T) is the inten-
sity at different temperatures, AFE is the activation energy
of thermal quenching, A is a constant for a certain host,
and k is the Boltzmann constant (8.629 x 1075 eV).
According to the equation, the activation energy AF can
be obtained from the slope of the plot of In [(I/I) — 1]
versus 1/(kT). As shown in Fig. 8(d), by linear fitting,
the AE value of Ce3t-doped SLPO was obtained to be
0.224 eV.

Figures 9(a), 9(b), and 9(c) show the scanning electron
microscope (SEM) images of the typical SLPO:0.05Eu?*,
SLPO:0.07Th*", and SLPO:0.12Ce** samples. The par-
ticles exhibit a relatively dispersive morphology for the

Fig. 9. SEM images of (a) SLP0:0.05 Eu**; (b) SLPO:0.07Th**
and (c) SLPO:0.12Ce*" phosphors.

solid-state reaction preparation, but the surface of every
particle is not very smooth and the particle sizes are
not uniform, which is owing to the agglomeration by lots
of small particles to form a big particle in the calcination
process. In addition, the average particle sizes of the three
phosphors were found to be around 10 pm, which can meet
the requirements of w-LED phosphors.

The Commission International de l'Eclairage (CIE)
chromaticity coordinates of the typical SLPO:0.05Eu’*,
SLPO:0.07Th*", and SLPO:0.12Ce** samples were calcu-
lated from the emission spectra in the range from 550 to
750 nm, 420 to 650 nm, and 370 to 650 nm, respectively.
The coordinate values and the peak emission wavelengths
(Aem—peax) Of the three samples under different excitation
wavelengths (4.) are listed in Table 1.

The CIE coordinates of SLPO:0.05Eu** excited at
394 nm are close to the edge of the diagram shown in
Fig. 10 (Point 1). Likewise, SLP0:0.07Tb*" excited at
379 nm exhibits a yellowish green color, presented as
Point 2. The digital photographs of the Eu?*- and
Tbh?*-doped SLPO samples, irradiated at 254 nm ultra-
violet light, are given in the insets (a) and (b) of Fig. 10.

With the increase of the excitation wavelength, the PL
spectra of SLP0:0.12Ce?** also present a redshift. The CIE
coordinates corresponding to SLPO:0.12Ce?t excited at
312, 337, 352, 362, and 372 nm are shown in Fig. 10 (Points
3 to 7). It is apparent that from Points 3 to 7, the color
turns from blue to green gradually. Inset (c) presents a dig-
ital photograph of SLP0:0.12Ce** showing green fluores-
cence under the ultraviolet lamp at 365 nm irradiation.

In conclusion, a series of SLPO:Eu?*/ Th3* /Ce3* phos-
phors are synthesized with conventional solid-state

Table 1. CIE Coordinates, Peak Emission Wavelength
of PL Spectra for Eu?*, Th3*, and Ce3t-Doped SLPO
Samples

Sample Aex /T Aoy peale/DM CIE (z,y)

SLPO:0.05Eu3* 394 611 (0.6405, 0.3591)
SLPO:0.07Th3+ 379 539 (0.3381, 0.4445)
SLPO:0.12Ce3+ 312 469 (0.2316, 0.2769)
SLPO:0.12Ce* 337 482 (0.2328, 0.3014)
SLPO:0.12Ce3t 352 498 (0.259, 0.3663)
SLPO:0.12Ce3+ 362 505 (0.2733, 0.3951)
SLPO:0.12Ce%* 372 540 (0.2925, 0.4004)
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Fig. 10 CIE chromaticity diagram for SLPO:0.05Eu* (Point 1),
SLPO:0.07Tb3" (Point 2) and SLPO:0.12Ce** excited under
different wavelengths (Points 3-7); insets: the corresponding dig-
ital photographs of (a) SLPO:0.05Eu?* and (b) SLPO:0.07Th3*
under 254 nm  ultraviolet lamp irradiation; and
(c) SLPO:0.12Ce** under 365 nm ultraviolet lamp irradiation.

reaction methods. Their luminescence properties under
NUV light are investigated. The SLPO:0.05Eu®*
phosphor shows a red emission peak at 611 nm under
an excitation of 394 nm, while SLPQO:0.07Th3* displays
a green emission peak at 539 nm with an excitation of
379 nm. The Ce3* ions in SLPO exhibit a broad emission
band from the blue to yellow region. When excited at dif-
ferent wavelengths, the SLP0O:0.12Ce3* presents various
colors that may be caused by the selective excitation of
Cet ions that occupy different sites in SLPO. Studies
of the temperature-dependent luminescence properties
indicate that Eu?*- and Th3*- activated SLPO phosphors
have good thermal stability, while that of SLP0:0.12Ce3*
is relatively poor. The morphology and CIE values of the
obtained phosphors are also investigated. These results in-
dicate that the SLPO:Eu** /Th3* /Ce* phosphors can be
promising candidates for LED applications.

This work was supported by the National Natural
Science Foundation of China (NSFC) (No. 11604115)
and the Educational Commission of Jiangsu Province of
China (NO. 17KJA460004).
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