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a b s t r a c t

A novel white emitting phosphate-based phosphor Ca3-xLix(PO4)2-x(SO4)x:Dy3þ, Sm3þ with high emission
intensity and lower correlated color temperature were successfully synthesized via the sol-gel method.

The structures of these prepared phosphors matched well with standard Ca3(PO4)2. The Dy3þ-doped
Ca3-xLix(PO4)2-x(SO4)x phosphors showed white luminescence via the combination of blue (487 nm) and
yellow (578 nm) emissions, which were attributed to the 4F9/2/ 6H15/2 and 4F9/2/ 6H13/2 electron
transitions of Dy3þ, respectively. The synthesized phosphor exhibited a significant enhancement in
luminescence intensity at the optimum value of x¼ 0.15. With the incorporation of Sm3þ, a warm white
emission with lower correlated color temperature (4281 K) was achieved in Dy3þ/Sm3þ co-doped sam-
ples. The obtained external quantum efficiency reached 21.7% in the optimized phosphor. The improved
performance was strongly associated with red emission supplemented by Sm3þ, and it demonstrated the
existence of efficient energy transfer between the Dy3þ and Sm3þ ions (4F9/2/ 4G7/2 and 4F9/2/ 4G5/2).
Overall, the investigation carried out by us has revealed that the luminescence properties of Ca3(PO4)2
phosphor can be significantly improved through Liþ/S6þ partial substitution and Dy3þ/Sm3þ co-doping.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Regarded as a representative of next-generation solid-state
lighting technologies, white light-emitting diodes (w-LEDs) possess
outstanding characteristics in comparison with traditional lighting
sources. The most prominent advantages are their higher luminous
efficiency, lower environmental impact, longer lifetime and flexible
application [1e4]. In the past few decades, considerable effort has
been devoted to the exploration of their properties and applica-
tions. Currently, the most common method for fabricating w-LEDs
is combining a blue-emitting chip (GaN/InGaN) with a yellow-
emitting phosphor (YAG: Ce3þ) [5,6], and it has been widely used
for commercial manufacture of phosphors. However, the white
light generated by this approach encounters a poor color rendering
index (CRI< 80) and high correlated color temperature (CCT) for the
. Zhang), huangyi@cdut.cn
absence of a red light component [7e9].
In order to address this deficiency with YAG: Ce3þ phosphor,

researchers have come up with another alternative to achieve w-
LEDs via near-ultraviolet (n-UV) excitation for tricolor (red, blue
and green) phosphors [10e12]. Unfortunately, there is an inevitable
interference between different phosphor components, giving rise
to uncoordinated emission, poor light absorption, low luminous
efficiency, as well as a higher fabrication cost. These drawbacks
pose challenges to the development and large-scale application of
phosphor-based LED lighting technologies. Therefore, the demand
for developing novel phosphor with higher luminescence intensity
and better lighting quality stimulates extensive research.

Until now, diverse methods have been attempted to ameliorate
the properties of phosphors, such as synthesis method optimiza-
tion [13,14], cationic/anionic substitution [15e17], rare-earth (RE)
ions codoping as well as simulation optimization [18], etc. It is
noteworthy that cationic/anionic substitution has been widely
studied in recent years [15e17,19]. Specifically, Wang. et al. [15]
investigated the influence of substitution of Si by Al3þ/P5þ ions
substitution on the structure and luminescence properties of
Sr2SiO4:Eu2þ phosphors. Both the luminescence intensity and
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lifetime were enhanced with Al3þ/P5þ substitution, which can be
attributed to the change of crystal field around Eu2þ, as a result,
Eu2þ presented the preference to occupy Sr(I) and Sr(II) sites in the
host lattice. Moreover, S. A. Khan et al. [16] have recently reported
the improved photoluminescence properties and thermal stability
in Ba2Si5N8:Eu2þ phosphor through partial substitution of AleO for
SieN. A detailed explanation from the view of lattice expansionwas
given. The substitution of large AleO for SieN leads to the expan-
sion of the host lattice, which decreases the concentration of traps,
meanwhile, and the variation in the structural environment of Eu2þ

activators favors its efficient occupation by in Ba2Si(5-x)AlxN(8-x)Ox

phosphors host lattice. These studies reveal that cationic/anionic
substitution can be adopted as an effective approach for optimi-
zation in the properties of phosphor.

Generally, RE ions play a critical role in phosphor-based LED
technologies thanks to their diverse energy transition. For example,
trivalent dysprosium ion (Dy3þ) possesses a series of characteristic
transition of 4F9/2/6HI/2 (I¼ 9, 11, 13, 15). Especially, the dominant
emission peaks of Dy3þ located in blue (~480 nm) and yellow
(~580 nm), corresponding to the magnetic dipole transition (4F9/
2/

6H15/2) and the electric dipole transition (4F9/2/ 6H13/2),
respectively. Hence, the combination of blue and yellow enable it to
emit white emission [20e22].

Additionally, recent studies have also suggested that the lumi-
nescence of Dy3þ is strongly affected by the crystal structure
[23,24]. For instance, in Yu et al.’ s experimental work [23], the
emission intensity of Dy3þ in Ca1-xGdxF2-x single crystal was
dramatically improved compared with that of Gd3þ free samples.
The Gd3þ not only serves as buffer ions to regulate the local lattice
structure of Dy3þ ions, but also facilitates the energy transfer from
Gd3þ to Dy3þ, and a tunable white-light emission was achieved
through the optimization in Gd3þ concentration.

Nevertheless, as we mentioned above, Dy3þ single-doped
samples would also suffer from defects like low CRI and high CCT
value due to insufficient red emission. Similar to cationic/anionic
substitution, ions-codoping has attracted tremendous interest with
attention being given to its extraordinary role in tunable emission
[25e27]. One can notice that Sm3þ has been widely used as an
appropriate activator ion in red-emitting phosphor due to its 4G5/

2/
6HI/2 (I¼ 5, 7, 9) transitions, result in a series of strong emission

peaks ranging from orange to red [28,29]. Accordingly, it indicates
that novel Dy3þ and Sm3þ co-doping could be a potential solution
to lack of red emission, as a consequence, a warm white emission
can be achieved.

Over the past few decades, continuous attention has been paid
to the development of host materials, including phosphate, ni-
trides, sulfides, aluminates, and silicates, etc [8,10,14,17,30]. In
particular, phosphate has attracted widespread attention for their
better performance like superior efficiency and excellent stability
and lower cost among the various candidates [31e33]. Consider-
able research has been carried out on phosphate-based lumines-
centmaterials that follow the general expressionM3(PO4)2 (M¼ Ca,
Sr, Ba) and M5(PO4)3X (M¼ Ca, Sr, Ba, X¼ F, Cl, Br), such as
Ca3(PO4)2:Eu3þ [34], Ca3Sr3(PO4)4:Sm3þ [35], (Ca1-
xBax)3(PO4)2:Eu2þ [36], Sr5(PO4)3F [37,38]. These studies indicate
that Ca3(PO4)2 can be adopted as a suitable host single-component
phosphor.

In this paper, a series of Ca3-xLix(PO4)2-x(SO4)x:Dy3þ/Sm3þ

phosphors were synthesized by the sol-gel method. The introduc-
tion of Liþ and S6þ ions was expected to substitute the Ca2þ and P6þ,
result in a lattice distortion, so as to change the surrounding
environment of Dy3þ activators. On the one hand, Liþ and S6þ (rLiþ
¼ 0.076 nm, rS6þ ¼ 0.037 nm) have close radii to Ca2þ and P5þ (rCa2þ
¼ 0.099 nm, rP5þ ¼ 0.038 nm). Given that the replacement of large
Ca2þ/P5þ by small Liþ/S6þ, it will cause a lattice contraction to the
surrounding of activators. On the other hand, this incorporation of
Liþ/S6þ will not affect the charge balance of the host. Therefore, this
cationic/anionic substitution was carried out on Ca3(PO4)2:Dy3þ

phosphor. Subsequently, upon the determination of the optimized
substitution ratio of Liþ/S6þ, Sm3þ was co-doped in Ca3-xLix(PO4)2-
x(SO4)x:Dy3þ phosphor to supplement the red light emission. In
consequence, a warm white emission with low CCT value was ob-
tained. Systematic investigation of the effects of partial substitution
of Ca2þ and P5þ with Liþ and S6þ ions, and Dy3þ/Sm3þ doping
concentration on the structures and luminescence properties of
Ca3-xLix(PO4)2-x(SO4)x:Dy3þ, Sm3þ samples was performed. This
study presents a deep insight into the effect of cationic/anionic
substitution and RE ions co-doping on the properties amelioration
in phosphate phosphor, and the results suggest this type of phos-
phor has great potential for application in w-LEDs.

2. Experimental

All Ca3-xLix(PO4)2-x(SO4)x:yDy3þ, zSm3þ samples were prepared
using a simple sol-gel method. The synthesis amount of Ca3(PO4)2
is determined as 0.01mol. The substitution amount of Ca2þ/P5þ

ranged from stoichiometric values of 0e0.25. The doping concen-
tration of Dy3þ and Sm3þ ions was controlled as 1mol%� y� 5mol
% and 0.5mol% � z� 3mol%, respectively. For
Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, 3%Sm3þ sample, 0.0285mol
Ca(NO3)2$4H2O (6.7302 g), 0.0185mol NH4H2PO4 (2.1278 g),
0.01425mol C6H8O7 (2.994 g), 0.00075mol Li2SO4$H2O (0.0959 g),
0.00075mol (NH4)2SO4 (0.0090 g), 0.0003mol Dy(NO3)3$6H2O
(0.1369 g), 0.0003mol Sm(NO3)3$6H2O (0.1338 g) were weighed as
starting materials according to stoichiometric ratio. Firstly, Ca(N-
O3)2$4H2O, C6H8O7, Dy(NO3)3 and Sm(NO3)3 were added to a
beaker containing deionized water to form a stable solution. Sub-
sequently, the appropriate quantities of NH4H2PO4, Li2SO4$H2O and
(NH4)2SO4 were added to the above solution, and the solution was
mixed by magnetic stirrer at 75 �C to form a transparent sol. Then,
the sol was placed in an oven at 120 �C for 24 h to dry thoroughly
until the color changed to transparent yellow. Finally, the dried gel
was placed in a crucible and transferred to a furnace. It was heated
to 1000 �C at a rate of 10 �C per minute and the temperature
maintained for 2 h then cooled naturally to room temperature. The
as-prepared dried gel was then ground into a powder in an agate
mortar for subsequent testing and characterization.

The crystal structures of the obtained phosphors were charac-
terized using X-ray diffraction (XRD) performed on an X-ray
diffractometer (DX-2700, Aolong Company, China) with Cu Ka ra-
diation (l¼ 1.5406 Å). The morphology and elemental composition
of the samples were confirmed using a scanning electron micro-
scope (SEM, JSM-7800F, JEOL, Japan) and Energy Dispersive Spec-
troscopy (EDS). Photoluminescence (PL) spectra were measured by
a luminescence spectrometer (F-4600, Hitachi, Japan) with a 150W
Xe lamp as the excitation source. The quantum efficiency of sam-
ples was obtained by a QEMS 2000. All phosphor characterization
results were obtained at room temperature.

3. Results and discussion

Fig. 1 shows the XRD patterns for a series of Ca3-xLix(PO4)2-
x(SO4)x:2%Dy3þ samples prepared at 1000 �C. XRD analysis
revealed that Ca3-xLix(PO4)2-x(SO4)x:2%Dy3þ (x¼ 0, 0.05, 0.1, 0.15
and 0.2) samples were indexed with an orthorhombic lattice and a
space group of R3c [39]. All the patterns were consistent with
standard data for Ca3(PO4)2 (PDF card no. 09e0169), and a weak
impurity peak of Ca5(PO4)3(OH) (PDF card no. 09e0432) is marked
in Fig. 1. In addition, no apparent impurity phases corresponding to
Liþ, S6þ or Dy3þwere detected, indicating that small amounts of ion



Fig. 1. XRD patterns of Ca3-xLix(PO4)2-x(SO4)x:2%Dy3þ phosphors with different x values and the magnification pattern of (0 2 10) crystal face.

Fig. 2. The Rietveld refinement of Ca2$85Li0$15(PO4)1$85(SO4)0.15:2%Dy3þ sample.
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doping did not cause significant changes in the host structure. With
the increase of substitution ratio x from 0 to 0.2, the diffraction peak
gradually shifts to a larger angle as shown in themagnificent part of
2q¼ 30.8�e31.6�, and the cell volume of the samples slightly
decreased, accompanied with a small lattice distortion (see
Table 1). This can be attributed to their similar ionic radii, Ca2þ

(0.099 nm), Dy3þ (0.091 nm), Liþ (0.076 nm), P5þ (0.038 nm) and
S6þ (0.037 nm). More specifically, the substitution of small Liþ/S6þ

(rLiþ þ rS6þ ¼ 0.113 nm) for large Ca2þ/P5þ (rCa2þ þ rP5þ ¼ 0.137 nm)
ions resulted in the lattice contraction around Dy3þ activators,
causing the lattice contraction and shift of XRD peaks to larger 2 q
angles [16]. It can also be seen that the intensities of diffraction
peaks become stronger after ionic substitution; this result
demonstrated that Liþ and S6þ ions improved the crystallinity
without affecting the charge balance [40,41].

Detailed structural parameters of these samples were obtained
by the Rietveld refinement method via the GSAS program. Fig. 2
shows the Rietveld refined XRD pattern of the
Ca2$85Li0$15(PO4)1$85(SO4)0.15:2%Dy3þ phosphor. These results
confirmed that this phosphor belongs to an orthorhombic R-3c
space group, and its lattice parameters were determined as
a¼ 10.429 Å, b¼ 10.429 Å and c¼ 37.38 Å. The refinement factors
converged to Rwp¼ 5.8%, Rp¼ 4.16% and c2 ¼ 2.36, indicating a
good-quality fit.

To investigate themicromorphology and elemental composition
of the as-prepared Ca3(PO4)2:2%Dy3þ and
Ca2$85Li0$15(PO4)1$85(SO4)0.15:2%Dy3þ samples, SEM images and EDS
results were obtained (Fig. 3). The SEM images revealed smooth,
spherical particles with homogenous size distribution and grain
diameters of approximately 120e160 nm. The grain diameter
Table 1
The lattice parameters and volume of Ca3-xLix(PO4)2-x(SO4)x crystals with different x
value.

Samples a/Å b/Å c/Å V/Å3

x¼ 0 10.4409 10.4409 37.4396 3534.59
x¼ 0.05 10.4357 10.4357 37.4317 3530.37
x¼ 0.1 10.4371 10.4371 37.3836 3529.03
x¼ 0.15 10.4285 10.4285 37.4145 3526.77
x¼ 0.2 10.4211 10.4211 37.5522 3523.88
x¼ 0.25 10.4245 10.4245 37.4000 3519.77
slightly increases with the introduction of Liþ, that’s because Liþ

could decrease the crystallization temperature and cause crystals
agglomeration. The EDS showed that
Ca2$85Li0$15(PO4)1$85(SO4)0.15:2%Dy3þ contained Ca, P, S, Dy, and O,
indicating that the doped Dy3þ was distributed in the lattice of
Ca2$85Li0$15(PO4)1$85(SO4)0.15. (Due to its low energy, elemental Li
cannot be detected by EDS.) The percentage of each element in
Ca2$85Li0$15(PO4)1$85(SO4)0.15:2%Dy3þ as verified by EDS was Ca
20.78%, P 13.52%, S 0.96%, Dy 0.31% and O 64.43%, and the stoi-
chiometric atomic ratio of each element was Ca 22.08%, P 14.33%, S
1.16%, Dy 0.46% and O 61.97%. The composition suggested by EDS
was consistent with the stoichiometric weight ratio within
reasonable error. For obtaining some more precise results espe-
cially Li content, the XRF measure has been carried and the corre-
sponding result has listed in Table 2, which shows the precise
composition with the stoichiometric ratio of
Ca2$85Li0$15(PO4)1$85(SO4)0.15:2%Dy3þ.

To determine the optimal substitution ratio, the emission



Fig. 3. SEM image and EDS element components of Ca3(PO4)2:2%Dy3þ and Ca2$85Li0$15(PO4)1$85(SO4)0.15:2%Dy3þ samples.

Table 2
XRF result of Ca2$85Li0$15(PO4)1$85(SO4)0.15:2%Dy3þ

sample.

Elements Content (%)

CaO 50.11
P2O5 40.29
SO3 3.63
Li2O 0.65
Dy2O3 5.32
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spectra (lex ¼ 352 nm) of Ca3-xLix(PO4)2-x(SO4)x:2%Dy3þ samples
Fig. 4. Emission spectra (lex¼ 352 nm) of Ca3-xLix(PO4)2-x(SO4)x:2%Dy3þ phosphors
with different x values.
were obtained (Fig. 4). Two strong emission peaks were observed at
487 nm (blue) and 578 nm (yellow), which could be attributed to
the 4F9/2/ 6H15/2 and 4F9/2/ 6H13/2 transitions of Dy3þ ions,
respectively. This means the white emission could be achieved
through the combination of blue and yellow emissions. Compared
with the unsubstituted sample, the luminescence intensities of the
substituted samples were significantly enhanced through the
incorporation of Liþ and S6þ ion pairs, the maximum intensity ap-
pears at x¼ 0.15, and then it progressively decreases. This was
because the introduction of Liþ/S6þ ions resulted in a little lattice
distortion, which changing the crystal fields around the Dy3þ ions
and improving the emission intensity. However, too large substi-
tution ratio caused the appearance of Ca5(PO4)3OH impurity and
increased the possibility of non-radiation transition, leading to a
deterioration in luminescence intensity.

Inset of Fig. 4 depicted the dependence of the luminescence
intensity of blue and yellow emission peaks of Ca3-xLix(PO4)2-
x(SO4)x:2%Dy3þ phosphors on the substitution ration. The specific
ration of Iblue=Iyellow can be obtained from Table 3. It can be seen
that the calculated Iblue=Iyellow for Ca3-xLix(PO4)2-x(SO4)x:2%Dy3þ

(x¼ 0.05, 0.1, 0.15 and 0.2) phosphors are 1.017, 1.012, 1.015, 0.993
and 0.965, respectively. The Iblue=Iyellow is usually used to determine
the structural mismatch around Dy3þ ions, because the 4F9/
2/

6H15/2 belongs to magnetic dipole transition, which hardly
affected by the surrounding of Dy3þ, and the 4F9/2/ 6H13/2 is under
the control of electric dipole, which is sensitive to the surrounding
Table 3
Iblue=Iyellow of Ca3-xLix(PO4)2-x(SO4)x:2%Dy3þ phosphors with different x value.

x value 0 0.05 0.1 0.15 0.2

Iblue=Iyellow 1.017 1.012 1.015 0.993 0.965



Fig. 6. Excitation and emission spectra of Ca2$85Li0$15(PO4)1$85(SO4)0.15:Dy3þ phosphors
with different Dy3þ concentration.
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of Dy3þ [42]. The hardly changed Iblue=Iyellow indicates that the local
environment of Dy3þ maintains good stability after the incorpora-
tion of Liþ and S6þ, this confirms the conclusion from the XRD
pattern that incorporation of Liþ/S6þ does not cause significant
lattice distortion.

These phosphor samples were first optimized with x¼ 0.15, and
then a series of experiments were carried out to check the influence
of Dy3þ concentration on the luminescence intensity of the opti-
mized phosphors sample. The XRD patterns of the
Ca2$85Li0$15(PO4)1$85(SO4)0.15:yDy3þ (y¼ 0, 0.01, 0.02, 0.03, 0.04 and
0.05) samples prepared with different Dy3þ concentrations are
depicted in Fig. 5 There was no evident discrepancy between these
XRD patterns of the as-prepared samples, and they matched well
with the standard Ca3(PO4)2 structure (PDF No. 09e0169). No
evident impurity phases were observed, which indicated that the
host structure was well retained at a low doping concentration of
Dy3þ.

The excitation and emission spectra of the
Ca2$85Li0$15(PO4)1$85(SO4)0.15:y Dy3þ (y¼ 0, 0.01, 0.02, 0.03, 0.04,
and 0.05) phosphors containing various Dy3þ concentrations are
shown in Fig. 6. A series of excitation peaks were observed from
300 to 450 nm. Specifically, the dominant excitation peaks were
located at 352, 363 and 390 nm, which were derived from the 6H15/

2/
6P7/2, 6H15/2/

6P7/2 and 6H15/2/
4I13/2 transitions of Dy3þ,

respectively. These results indicated that these phosphors could be
excited efficiently by UV excitation. In the emission spectra of Fig. 6,
two strong peaks are observed: blue emission (487 nm) and yellow
emission (578 nm), which were ascribed to the 4F9/2/ 6H15/2 and
4F9/2/ 6H13/2 transitions of Dy3þ, respectively. Furthermore, it can
also be seen that the luminescence intensity is dependent on the
doping concentration of Dy3þ. Initially, increasing concentration
favors intensity enhancement. However, a further increase of Dy3þ

content degrades the emission intensity, so 3% is determined as the
optimum concentration. Generally speaking, concentration
quenching should be responsible for the declined intensity. The
increase of Dy3þ concentration decreases the distance among them
and will cause a higher probability of non-radiative (NR) transi-
tions, which has no contribution to the emission intensity. As
proposed by Blasse, the critical transfer distance (Rc) for activators
in a specific host can be determined according to Eq. (1) [43]:
Fig. 5. XRD patterns of the Ca2$85Li0$15(PO4)1$85(SO4)0.15:yDy3þ phosphors with
different Dy3þ concentration.
Rc ¼ 2
�

3V
4pxcN

�1=3

(1)

where V is the volume of the unit cell for
Ca2$85Li0$15(PO4)1$85(SO4)0.15 (3520.06 Å3); xc is the critical con-
centration of Dy3þ (3%); and N is the number of formula units per
unit cell (21). The Rc for Ca2$85Li0$15(PO4)1$85(SO4)0.15 was calculated
to be 22.01 Å.

In fact, the mechanism of energy transfer should not be
neglected for a thorough understanding of concentration quench-
ing. The interactions for energy transfer can be summarized by
three mechanisms: dipole-dipole, dipole-quadrupole, and
quadrupole-quadrupole. Uitert et al. and Dexter et al. [44,45] pro-
posed a quantitative description for the relationship between lu-
minous intensity (I) and doping concentration (x), expressed
according to Eq. (2):

I
.
x¼ k

.h
1þbðxÞQ=3

i
(2)

where k and b are constants for a certain matrix and Q represents
the interaction mechanism. (Q¼ 3, 6, 8 or 10, representing the
mechanisms that correspond to nearest-neighbor ions, dipole-
dipole, dipole-quadrupole, and quadrupole-quadrupole, respec-
tively) [46,47]. After an equivalent conversion, Eq. (2) can be rep-
resented according to Eq. (3):

logðI = xÞ¼ C � Q
3
logðxÞ (3)

where C is a constant. This indicates that the value of Q can be
extracted by fitting the curves of log(I/x) vs. log(x). Fig. 7 depicts the
relationship between log(I/x) and log(x). The slope of this linear
fitting is �0.52, and the value of Q was obtained as 1.56, which is
closest to 3 of 3, 6, 8, 10. It can be concluded that the interaction
between nearest-neighbor ions is a dominant mechanism for
concentration quenching.

Based on the optimized substitution ratio and doping concen-
tration of Dy3þ, further investigation of the effect of Sm3þ co-
doping on structure and luminescence was undertaken. Firstly, all
of the XRD patterns of the Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ,
zSm3þ (z¼ 0, 0.5%, 1%, 2%, 3%) phosphors (Fig. 8) exhibited similar



Fig. 7. The relationship between the concentration of Dy3þ ions log(x) versus log(I/x) of
emission at 487 nm in Ca2$85Li0$15(PO4)1$85(SO4)0.15:Dy3þ phosphors.

Fig. 8. XRD patterns of Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, zSm3þ phosphors with
different Sm3þ co-doping concentrations.

Fig. 9. Emission spectra of Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, zSm3þ with various
Sm3þ concentration: (a) 0.5mol%, (b) 1mol%, (c) 2mol%, (d) 3mol%.
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diffraction peaks, which corresponded to the standard structure of
Ca3(PO4)2 (PDF No. 09e0169). This good consistency in XRD pat-
terns indicated that Sm3þ (0.0958 nm) successfully entered the
Ca3(PO)4 crystal lattice and substituted for Ca2þ(0.099 nm) sites,
due to their similar ionic radii.

Subsequently, the investigation of Dy3þ/Sm3þ co-doping was
carried out based on Ca2$85Li0$15(PO4)1$85(SO4)0.15 phosphors. Fig. 9
shows the emission spectra of Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%
Dy3þ, zSm3þ (z¼ 0.5%, 1%, 2%, 3%) at 352 nm excitation. In addition
to the characteristic emission peaks of Dy3þ (blue and yellow),
there appear two new orange-red emission peaks at 605 and
655 nm, respectively, which are originated from the 4G5/2/

6H7/2
and 4G5/2/

6H9/2 electron transitions of Sm3þ, respectively. This
confirmed that Dy3þ/Sm3þ codoping is an effective method to
produce red light emission and a superior warm white emission.

It is worth noting that the emission intensities of Dy3þ and Sm3þ

showed opposite trendswhen the concentration of Sm3þ increased.
As illustrated in the inset of Fig. 9, the luminescence intensity of
Dy3þ decreased while that of Sm3þ increased with increasing
concentration of Sm3þ. This implied the existence of an energy
transition between Dy3þ and Sm3þ.

Therefore, it was essential to investigate the specific transfer
process. Energy transfer efficiency (hET ) can be calculated according
to Eq. (4) [48]:

hET ¼1� Is
Is0

(4)

where Is0 is the intrinsic luminescent intensity of Dy3þ and Is is the
luminescent intensity of Dy3þ in the presence of Sm3þ. Using Eq.
(4), the energy transfers efficiencies from Dy3þ to Sm3þ were
calculated to be 8%, 31%, 32.8% and 48.2% for the
Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, zSm3þ (z¼ 0.5%, 1%, 2%, 3%)
samples, respectively. The hET increased with increasing Sm3þ co-
doping content, which revealed that the energy was transferred
effectively from Dy3þ to Sm3þ.

To further confirm the energy transfer occurring between Dy3þ

and Sm3þ ions, the luminescence lifetime (lex¼ 352 nm and
lem¼ 487 nm of Dy3þ) of Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ,
zSm3þ phosphors with different Sm3þ concentrations were
measured and are shown in Fig. 10. The decay curves of
Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, zSm3þ phosphors were well
fitted by a double-exponential function given in the following
equation [27]:

IðtÞ¼ I0 þA1 exp
��t
t1

�
þ A2exp

��t
t2

�
(5)

where I(t) corresponds to the luminescence intensity at time t, I0
represents the initial intensity, A1 and A2 are the fitting parameters,
and t1 and t2 are components of the decay time as a long lifetime
and short lifetime, respectively. The double-exponential behavior
indicates a heterogeneous distribution of Sm3þ ions in the
Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, zSm3þ phosphors. The
average lifetime was evaluated by the following formula [35]:

tav ¼
�
A1t

2
1 þ A2t

2
2

�
ðA1t1 þ A2t2Þ

(6)

From Eq. (6) and Fig. 10, the effective lifetime values for
Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, zSm3þ phosphors with z¼ 0,



Fig. 10. The decay curves (lem¼ 487 nm) of Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ,
zSm3þ (z¼ 0, 1%, 2% and 3%) phosphors.

Fig. 11. The energy level diagrams of Dy3þ and Sm3þ with possible energy transfer
processes.

Fig. 12. The luminescence thermal quenching of Ca2$85Li0$15(PO4)1$85(SO4)0.15: 3%Dy3þ,
2%Sm3þ phosphor.
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1%, 2%, and 3% were calculated as 2.4647ms, 2.3511ms, 2.2065ms
and 2.0136ms, respectively. The luminescence lifetime of Dy3þ was
shortened by an increase in Sm3þ ion concentration; therefore,
there was a significant energy transfer from Dy3þ to Sm3þ ions in
Ca2$85Li0$15(PO4)1$85(SO4)0.15.

For a further illustration for the energy transfer from Dy3þ to
Sm3þ (RDy�Sm). Herein, we calculated the critical distance between
Dy3þ and Sm3þ, which can be described as the following equation
(7).

RDy�Sm¼ 2
�

3V
4pxcN

�1=3

(7)

where V equals to 3526.77 Å3, and N equals to 21 as mentioned
earlier in Eq. (1). Also, xc represents the sum of the concentrations
of Dy3þ and Sm3þ activator ions. Thus, the calculated RDy�Sm is
17.48 Å for 3% Dy3þ and 3%Sm3þ. which is much larger than the
typical critical distance (5 Å) for exchange interaction. The results
indicate that the multipolar interaction occurs in the energy-
transfer process. As the concentration of Sm3þ increases, the dis-
tance between Dy3þ and Sm3þ becomes shorter. Besides, the en-
ergy difference between 4F9/2 and 6HI/2 (I¼ 13, 15) of Dy3þ is
approximately in accordance with that of 4G5/2 and 6HJ/2 (J¼ 7, 9) of
Sm3þ. These factors accelerate the energy transfer to occur between
Dy3þ and Sm3þ activators [49], causing the changes in emission
intensity and luminescence lifetime.

A schematic of the specific energy transition process is provided
in Fig. 11. Under suitable excitation, the 6H electrons of the Dy3þ

ions are excited to a high energy level, then return to the lower
energy level 4F9/2 through a non-radiative (NR) transition. Subse-
quently, electrons tend to fall into lower energy levels and emit
photons in the process, which are radiative transitions. With the
incorporation of Sm3þ, some of the electrons excited from Dy3þ

have a higher possibility of transfer to the 4G5/2 level of Sm3þ rather
than the lower energy level of Dy3þ because of the closeness of this
energy level, and these electrons contribute to the Sm3þ emission.
This electron behavior accounts for the discrepancy in the lumi-
nescence intensity trend for Dy3þ and Sm3þ. The external quantum
efficiency of Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, 2%Sm3þ samples
was 21.7%, which is a good result for prospective applications.

Thermal stability is one of the most critical parameters for
phosphors in their practical LED application because it has a sig-
nificant impact on CRI and the light output. Fig. 12 presents the
luminescence thermal quenching results of
Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, 2%Sm3þ phosphor over the
temperature range from 25 �C to 150 �C. With the increase in
temperature, the emission intensity decreases gradually. As a
result, the emission intensity at 150 �C drops to 71.6% of the cor-
responding values at 25 �C for Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%
Dy3þ, 2%Sm3þ. The emission intensity decreases due to non-
radiative loss of energy when the temperature increases because
vibrational states reach the intersection between ground state and
charge transfer band at high temperature. As the emission intensity
of the phosphor is still satisfactory at high temperature, it can be
concluded that the Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, 2%Sm3þ

phosphor exhibit good thermal stability, and serve as a potential
phosphor candidate for solid-state lighting.



Fig. 13. CIE coordinates of Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, zSm3þ with different
Sm3þ concentrations: (a) z¼ 0, (b) z¼ 0.5%, (c) z¼ 1%, (d) z¼ 2%, (e) z¼ 3%.
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The CIE chromaticity coordinates of the
Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ, zSm3þ samples are shown in
Fig. 13. The standard white light point is marked with a white
pentagram, it can be seen that these samples are all located in the
white region. The specific chromaticity coordinate data are pro-
vided in Table 4, confirming that all the samples showed good
white emission performance. And, more importantly, with
increasing Sm3þconcentration the light was red-shifted and
showed superior warm white emission performance. Since red
light emission was provided through Sm3þ co-doping, these sam-
ples exhibited a better warm white emission.

The CCT is considered as an important indicator for evaluating
lighting quality. According to the proposed theory [50], the CCT
values of these phosphors were calculated via Eq. (8):

CCT¼�449n3 þ 3525n2 e 6823n þ 5520.33 (8)

where n ¼ (x� xe)/(y� ye), xe and ye equal 0.3320 and 0.1858,
respectively. The resulting calculated CCT values are shown in
Table 4. It can be seen that the CCT generally decreased with
increasing Sm3þ doping, confirming that these samples exhibited
superior warm white performance when red emission was stron-
ger. Ca2.85Li0.15(PO4)1.85(SO4)0.15:3% Dy3þ, 3%Sm3þ (x¼ 0.3614,
y¼ 0.3556) in particular showed good warm white light
Table 4
The CIE chromaticity coordinates (x, y) of Ca2$85Li0$15(PO4)1$85(SO4)0.15:3%Dy3þ,
zSm3þ.

Spot Sample CIE X CIE Y CCT(K) Light color

(a) 3%Dy3þ 0.3399 0.3651 5226 Cool white light
(b) 3%Dy3þ, 0.5%Sm3þ 0.3446 0.3637 5054 Cool white light
(c) 3%Dy3þ, 1% Sm3þ 0.3513 0.3652 4827 Neutral white light
(d) 3%Dy3þ, 2% Sm3þ 0.3528 0.3588 4650 Neutral white light
(e) 3%Dy3þ, 3% Sm3þ 0.3604 0.3566 4281 Warm white light
performance with a CCT of 4281 K (WarmWhite). The result shows
that it is feasible and efficient to adjust the performance of the
phosphor by co-doping with rare-earth ions, and the optimized co-
doped Ca2$85Li0$15(PO4)1$85(SO4)0.15:3% Dy3þ, 3%Sm3þ phosphor has
the potential to be applied as a new single-component phosphor.

4. Conclusion

In summary, a series of Ca3-xLix(PO4)2-x(SO4)x:Dy3þ, Sm3þ sam-
ples were synthesized by a sol-gel method. The structure of all
samples maintained good consistency in structure with Ca3(PO4)2,
unaffected by partial substitution and rare earth ion doping. Under
an appropriate excitation of 352 nm, the Ca3-xLix(PO4)2-
x(SO4)x:Dy3þ phosphors exhibited two emission peaks at 487 nm
(blue) and 578 nm (yellow), which could achieve white light
emission. The partial substitution of Ca2þ/P5þwith Liþ/S6þ ion pairs
significantly enhanced the luminescence intensity of Ca3-xLix(PO4)2-
x(SO4)x:Dy3þ samples and the optimum value of x was determined
as 0.15. Furthermore, with the incorporation of Sm3þ, the phos-
phors showed improved warm emission and lower CCT value
(4281 K) due to the presence of red emissions. Its external quantum
efficiency was measured as 21.7%. This study demonstrates that the
optimized phosphate phosphors obtained by combining partial
substitution and Dy3þ/Sm3þ co-doping have the potential to be
used in warm w-LEDs.
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