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Abstract

Red-emitting Cay(j_y)La7 64.(Si04)602:Eug 4, Li, (CLS:Eug 4, Li,) phosphors were synthesized via a citric acid based sol-gel combustion
method. The morphologies, crystal structures and optical properties of these phosphors were characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), powder X-ray diffraction (PXRD) and photoluminescence (PL) spectroscopy, respectively.
The CLS:Eug 4 based phosphors readily excited under UV light (387 nm), which makes them promising red-emitting candidates for commercial
near-UV light emitting diodes (LEDs)-pumped white LEDs. After doping with Li* ions, the CLS:Euy 4, Li, phosphors exhibited remarkably
enhanced photoluminescent performances. Additionally, the emission intensity of CLS:Eug,4, Li, phosphors generated using the sol-gel
combustion method was found to be much higher than for those obtained using a solid-state reaction method. This finding indicated the sol—gel
combustion method could be considered a versatile route for producing high-quality CLS:Eu 4, Li, phosphors.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Solid-state lighting (SSL) for white-light generation has
attracted enormous interest since the advent of light emitting
diodes (LEDs) because it offers long lifetimes, high energy
efficiencies, and positive environment effects relative to incan-
descent and fluorescent lamps [1,2]. To generate white light,
LEDs are typically integrated with phosphors that convert the
intrinsic blue light to other colors [3]. A common phosphor is
yttrium aluminum garmet (YAG) doped with Ce®™ ions [4].
However, such integrations are plagued by their low correlated
color temperatures (CCTs), which limit their color rendering
indexes (CRIs). Typically, white light can only be produced with
a CCT from 4000 to 8000 K, which corresponds to the neutral to
cool-white interval. The CRIs for such LEDs is typically below
80 due to the absence of a red component in the generated light
[2]. To overcome these disadvantages, red-emitting phosphors,
such as sulfide phosphors (e.g., (Ca;_,, er)S:Eu2+ and Y,0,S:
Eu3+), are also included [5-8]. However, these compounds
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exhibit poor chemical stability at high temperatures and are thus
limited in their application. In a sense, producing LEDs contain-
ing luminescent materials with robust chemical stabilities remains
a significant technical challenge for creating white-light genera-
tors with reasonably satisfactory performances.

Recently, silicates with oxyapatite-type structure have been
studied widely as promising red-emitting phosphors [9-14]. This
interest stems from the improved chemical stability gained from the
presence of SiO, units. The general formula for an oxyapatite-type
silicate compound is A4Bg(S104)¢O,. This type of compound
crystallizes as a hexagonal system with the space group P6s/m
[15]. A (4f) and B (6h) are two distinct crystallographic sites that
can both accommodate alkali, alkaline-earth, or rare-earth metal
atoms. The A site has trigonal point symmetry (C3) due to the
tricapped trigonal prism formed by the nine oxygen atoms
surrounding the cationic site. In contrast, the B site has a seven-
fold coordination with a local symmetry of C;, which involves six
oxygen atoms and one O®~ anion. Such a unique crystal structure
allows for the convenient accommodation of various combinations
of metal ions into the A and B sites [16,17].

Thanks to the research efforts of many groups, it is now
possible to fabricate oxyapatite-type silicates that incorporate a
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myriad of metals ions. For example, Boyer and co-workers
synthesized and characterized the luminescent properties of
Eu’*-doped Ca,Lajo_(Si04),(PO4)s_, [10]. Leu and co-
workers reported the synthesis of oxyapatite-type (SroRE,)
(RE¢)(Si04)60, (RE=La, Pr, Tb, Tm, and Y) compounds
using conventional solid-state methods [15]. Dong and co-
workers studied and described cation distributions in Eu®
*-doped Sr,Yg(SiO4)¢0, phosphors [18]. These successful
demonstrations not only enable the versatile syntheses of
oxyapatite-type silicates but also enrich our understanding of
the luminescent properties of such compounds.

As indicated in Dong's study, the B (6h) sites are fully occupied
by lanthanide (i.e., Y>") ions while the A (4f) sites are filled with a
random combination of lanthanide ions and bivalent cations (i.e.,
Ca2+) [19]. Replacing a bivalent ion in the A sites with a second
type of trivalent lanthanide ion may generate holes or oxygen
defects due to their different valent states. The presence of such
holes or oxygen defects in the compound could significantly
quench radiative energy transitions and change the symmetry of
the A site. Both of these consequences could negatively influence
the luminescent performances of the compound. Incorporating an
appropriate amount of monovalent (ie., Li*) ions may help
eliminate such holes or defects. However, given the different
atomic radii of monovalent and bivalent ions, underestimating the
possible effects of incorporating monovalent ions remains risky
because the lattice parameters and local symmetry of the crystal
structure may change. Therefore, a systematic study is highly
desirable. In addition, most previous studies used conventional
solid-state methodologies, which require high reaction temperatures
and long reaction times to obtain well-crystallized and phase-pure
phosphors. In contrast, the sol-gel method can substantially
reduce the heating temperature and reaction time due to
the high homogeneity of the precursors, which saves energy
during phosphor preparation.

Herein, we present a systematic study of the synthetic and
photoluminescent properties of oxyapatite-type silicates, Ca,
(=027, 64(S104)c0, (CLS), co-doped with trivalent (Eu3+) and
monovalent (Li") ions. A series of pure-phase silicate oxyapatite
materials, including CLS:Eug4, and CLS:Eug4, Li,, were synthe-
sized using a citric acid based sol-gel combustion method. The
crystal structures and photoluminescent properties of these
compounds were characterized by powder X-ray diffraction
(PXRD) and photoluminescence (PL) spectroscopy, respectively.
The effect of the Li™ ion concentration on the crystal structure
and luminescent properties of the CLS:Eug,4, Li, material were
investigated. In addition, we compared the PL performance of
CLS:Eug4, Li, phosphors generated via two methods: sol-gel
combustion and conventional solid-state reaction.

2. Experimental procedure

2.1. Synthesis Of Caz(]_X)Laz6+x(Sl'04)502.'EM()'4, le
phosphors

Analytical reagent grade of calcium nitrate (Ca(NOj),-
4H,0), lanthanum nitrate (La(NOj3);- 6H,0), europium nitrate
(Eu(NOs); - 6H,0), lithium nitrate (LiNOs), citric acid (CgHgO5 -

H,0), tetracthyl orthosilicate ((C,Hs),SiO4), and ethanol
(C,HsOH) were obtained from Shanghai Chemicals Company
and used without purification. All aqueous solutions were prepared
using deionized water with a resistivity of 182MQcm. In a
standard synthesis of Cay(j_ylLaye.(Si04)s02:Eug4, Li, (CLS:
Euga, Li,) via the sol-gel combustion method, La®*, Ca®*, Li*,
and Eu®" nitrates are mixed in stoichiometric amounts with citric
acid in deionized water in a 100 mL beaker. The molar ratio of the
total metal cations to citric acid was 1:3. After the mixture became
clear, an ethanol solution containing stoichiometric amounts of
(C,H5)4S10,4 was slowly added with continuous magnetic stirring
and heating at 80 °C. As the water evaporated, the solution
gradually became viscous, and a transparent gel finally formed.
This gel was dried in a vacuum oven at 120 °C for 24 h before
sintering in a furnace maintained at a certain temperature (i.e.,
800 °C, 900 °C, 1000 °C, 1100 °C, and 1200 °C) for 3 h. To
generate the CLS:Eug4, Ligo; phosphor via a solid-state reaction,
AR. grade SiO,, La,0O;, CaCO;, Li,CO; and Eu,O; were
thoroughly mixed in stoichiometric amounts and ground in an
agate mortar with ethanol to obtain a homogeneous chemical
mixture. The mixture was dried in an oven set to 80 °C for 3 h.
Finally, the dried powder mixture was transferred to a corundum
crucible and sintered in an oven set to 1400 °C for 5 h.

2.2. Characterizations

Powder X-ray diffraction patterns were collected using an X
"Pert Pro X-ray diffractometer (PANalytical B.V.) with a Cu
K, rotating anode source and generator settings of 40 kV and
40 mA. The samples were measured in the 26 range from 10°
to 70° with a step size of 0.02 and scan speed of 2 °/min. The
size and shape of the samples were analyzed using a scanning
electron microscope (JSM-5600LV, JEOL) and transmission
electron microscope (H-7500, Hitachi). The excitation and
emission spectra were measured at room temperature using a
FluoroMax-4 fluorescence spectrophotometer (HORIBA
Jobin Yvon).

3. Results and discussion
3.1. Crystal structure and characterization

The sintering temperature is generally accepted to be a
critical parameter for the sol-gel combustion method. Thus, we
conducted a set of experiments to determine the best sintering
temperature for forming CLS:Eup, compounds with high
purity. Fig. la shows the PXRD patterns for powdered CLS:
Eup 4 samples obtained using different sintering temperatures
ranging from 800 to 1200 °C. A reference CLS pattern with a
hexagonal crystal structure (JCPDS, file no. 29-337) is also
shown in Fig. la for comparison [20]. The CLS:Eu, 4 samples
sintered at 1100 and 1200 °C both largely indexed to the
reference CLS pattern. For samples sintered at a lower
temperature (800, 900 and 1000 °C), some impurities were
detected in the PXRD patterns, including La,CaO, (JCPDS,
file no. 42-342), hexagonal La,O3 (JCPDS, file no. 2-688), and
hexagonal SiO, (JCPDS, file no. 11-252). As a result, we
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Fig. 1. (a) PXRD patterns for powder CLS:Eu, 4 samples obtained at sintering temperatures from 800 to 1200 °C; (b) PXRD patterns for CLS:Euy 4, Li, powders

formed under different Li* ion dopings.

believed a sintering temperature of 1100 °C to be the opti-
mized condition for forming CLS-based products with good
crystallinity and minimal impurities using the current
synthesis.

We further extend this synthetic method to generate CLS
materials co-doped with both Eu’* and Li" ions. Similar
preparations were conducted using the optimized sintering
temperature of 1100 °C for all steps except the Li* ion doping.
The crystal structures of the produced materials were char-
acterized using PXRD. Fig. 1b shows a serious of PXRD
patterns for the CLS:Eug 4, Li, powders formed using different
Li* ion doping concentrations. The diffraction peaks can be
readily indexed to hexagonal CLS, and no impurities were
detected for Li* ion concentrations of 0.01, 0.02, and 0.03.
Higher Li* ion concentrations, i.e., x=0.04 and 0.05, formed
an impurity phase, La,Si,0; (JCPDS, file no. 47-452), in the
product. In general, the formation of La,Si,O via a solid-state
synthesis using La,O; and SiO, as the starting materials
required sintering temperatures as high as 1500 °C [21].
However, in our case, the sintering temperature was only
1100 °C. This result shows that the doped Li* ions facilitate
the formation of the La,Si,O; phase at lower temperatures,
possibly because of the lower melting point of alkali silicate
than SiO, (Li-silicate, 1200 °C, versus SiO,, 1600 °C) [22-
24]. The XRD-deduced lattice constants of the CLS phase in
the CLS:Euy 4, Li, phosphors are listed in Table 1, where both
a and ¢ decrease as the Li* doping concentration increases.
This decrease in the lattice constants can be ascribed to the
substitution of Ca** by Li* and Eu®" because the ionic sizes of
Lit (0.6A) and Eu®™ (0.95A) are relatively smaller in
comparison to Ca®* (0.99 A).

3.2. Photoluminescence properties

Fig. 2 shows the excitation and emission spectra for both the
CLS:Euy4 and CLS:Eug4, Ligg; phosphors obtained using a
sintering temperature of 1100 °C. These spectra were recorded
using an emission wavelength of 611 nm and excitation
wavelength of 387 nm. The peaks in the emission spectra of
both phosphors were primarily located in the wavelength range
of 550-720 nm. These peaks correspond to the transitions from

Table 1
Lattice constants a and ¢ for the Cay(j_yLa;64(S104)602:Eug 4, Li, powder
samples with different Li* doping concentration x.

X a (A) c (A)
0 9.628 7.103
0.01 9.624 7.074
0.02 9.604 7.052
0.03 9.597 7.045
0.04 9.587 7.036
0.05 9.492 7.022

the 5DO state to the 7Fj (G=0, 1, 2, 3 or 4) state for the 4f6
configuration of Eu** ions. Emissions were not detected from
higher excitation levels, such as 5D1, which indicates an
efficient non-radiative relaxation to the 5DO level occurred.
The electric-dipole (ED) transition of the Eu®" ions °Dy— F,)
creates a set of red emissions in the range from 600 to 625 nm.
The emissions from the Eu®* ions centered at 590 nm could be
identified as the parity-allowed magnetic dipole (MD) transi-
tion from °Dy—'F; [25-27]. The peak corresponding to the
Dy—'F, transition was the most intense, as marked in
Fig. 2a. We note that the peak corresponding to the
*Dy— 'F, transition was observed in the spectra. However,
the °Dy—'F, transition (J=0—J=0) is parity-forbidden
according to the selection rules of the Judd-Ofelt theory
[28]. The abnormal appearance of the “Dy— 'F, transition
could be due to the strong linear crystal field component
present at the Eu®* site. This forbidden transition increases in
intensity after J-J mixing [29]. In addition, we noticed several
sharp excitation bands that are characteristic of the f~f
transitions of Eu®* ions in the 4/° configuration, and the sharp
ff transitions of Eu®* (7F0—>5D1,2,3,4, 5L6,7) are clearly
marked in Fig. 2b. Of these excitation transitions, "Fo—"Ls
(387 nm) provides a relatively intense peak [30] that matches
those of commercially available near-UV LED chips [31,32].

Oxyapatite-type silicate materials belong to a large family of
isomorphous compounds in the space group P6s;/m with an
empirical formula of A4B¢(Si04)sO,. This structure contains
two cationic sites labeled A and B. For Ca,Lag(S5i04)¢05, the
B sites are fully occupied by La®* ions, while the A sites are
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Fig. 2. (a) Emission and (b) excitation spectra for both CLS:Eug 4 and CLS:Eug4, Ligo; phosphors obtained at a sintering temperature of 1100 °C.

occupied by a random distribution of both Ca®* and La®* ions
[33]. As shown in Fig. 3, the Ca®* and La*" ions share the A
sites and form polyhedra with a local symmetry of C;. The
nine coordinated oxygen ions, including three Ol, three O2
and three O3, form a tricapped trigonal-prismatic geometry
(Fig. 3b). The B site is located in a sevenfold coordination
polyhedra with a local symmetry of C; and seven oxygen
atoms (one O1, one O2, four O3, and one O4) which form an
irregular polyhedra with pentagonal bipyramidal geometry, as
shown in Fig. 3c. Generally, the 'F, energy levels of the Eu®"
will split due to the crystal field effects of the surrounding ions
[34]. For the B site, the number of split components for the
allowed °Do—'F, and °Dy—’F, transitions for the C,
symmetry group are 3 and 5, respectively, according to the
completely lifted “2J4+1” degeneracy. In contrast, the slightly
higher C3 symmetry for A provide 2 and 3 split components
for the 5D0—>7F1 and 5D0—>7F2 transitions, respectively
[35,36]. However, we only found 3 and 4 Stark components
for the ° D0—>7F] and 5D0—>7F2 transitions, respectively, in the
emission spectra shown in Fig. 2a because the Eu®* ions are
distributed in both the A and B sites, which may result in the
superposition of emission peaks from different sites.

In addition, we noticed that the intensities of the emission
peaks caused by both the *Dy— 'F; and *Dy— 'F, transitions
were abnormally high. This phenomenon usually occurred
when the Eu* ions were located in the inversion center [37].
However, in an oxyapatite structure, there is no inversion
center [38]. Therefore, the local geometries of the occupied
Eu®" ion sites have distorted to form an inversion center in the
current product. Typically, if a divalent metallic cation, such as
Ca2+, is replaced by a trivalent metallic cation, Eu3+, the host
must absorb O, from the air to maintain charge balance. These
O, molecules in the host would generate oxygen defects and
thus change the geometry of the Eu®" ion sites [39]. In this
case, it is possible that the location of the Eu®* ions became an
inversion center, which enhanced the emissions from both the
>Dy— 'F, and °Dy— 'F, transitions.

In addition, two differences in the emission and excitation
spectra shown in Fig. 2 after doping the CLS:Eu, 4 phosphor
with the Li™ ions should be noted: (i) the emission intensity of
the *Dy— 'F, transition increased by an enhancement factor of
1.56; (ii) the Iy_»/Iy_; ratio varied from 3.16 to 4.68. Based on
these results, it is not unreasonable to assume that the Lit ion

Fig. 3. (a) The crystal structure of Ca,Lag(SiO4)s0,; the blue, green, yellow and
red spheres represent the A site, the B site, silicon and oxygen atoms,
respectively; (b) A—O polyhedra and (c) B-O polyhedra and the Si—O tetrahedra
configurations along the c-axis. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

doping could benefit the PL performance of the CLS:Eug4
phosphors. There are two factors that may be responsible for
such an improvement. On the one hand, incorporating Li* into
the CLS host can eliminate oxygen defects that arise from
charge compensation and thus effectively prevent the radiative
transitions from being quenched. On the other hand, the
absence of these oxygen defects in the phosphor also elim-
inates the inversion center [40]. In this case, emissions from
the 5D0—>7F2 transition become dominant, while the undesired
emissions, such as Dy— 'F; and °Do— "Fy4, were dampened.
In other words, most of the energy would be consumed by the
desired radiative transitions and thus contribute to enhancing
the red-emission efficiency.
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To further elucidate the effect that Li* ions have on the PL
performance of the product, we attempted to manipulate the
Li* ion concentration in the phosphor. Fig. 4 shows the
emission spectra of CLS:Eug4, Li, as a function of the Li*
ion concentration using an excitation wavelength of 387 nm.
The emission intensities for the *Dy—F;, °Dy— 'F, and
*Dy— "Fy4 transitions are summarized in Fig. 5a. It is worth
noting that the emission intensity for the *Dy— 'F, transition
increased by an enhancement factor of 2.25 as the Li* ion
concentration increased from O to 0.03. The other emissions
followed similar trends as the Li* ions increased in concentra-
tion. Interestingly, the intensity decreased when the Li* ion
concentration was above 0.03. This phenomenon might be
attributed to the following two factors: (i) As shown in
Table 1, the crystallographic lattice constants decreased as
the Li* doping concentration increases. A shorter Eu**—Eu’*
distance would enhance energy transfer between the Eu" ions
[41]; (i) a higher Li* ion concentration can promote the
formation of impurities, such as La,Si,O, that may weaken
the emission. In short, to achieve the best red-emitting
phosphor performance, the Li* ion concentration should be
set within an appropriate range for the current synthesis. We
also summarize the variations in the intensity ratios for the
CLS:Eug 4, Li, phosphors (Iy_»/Iy_1, lo—>/Iy—4) With an excita-
tion wavelength of 387 nm. As shown in Fig. 5b, the intensity
ratios for [Iy_»/lp_y and Iy_»/l,_, increased with the

Intensity (a.u.)

560 595 630 665 700 735
Wavelength (nm)

Fig. 4. Emission spectra for CLS:Eug,4, Li, as a function of the Li* ion
concentration with an excitation wavelength of 387 nm.
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concentration of the Li* ions and reached a maximum, i.e.,
5.71 and 3.25, respectively, at x=0.03 because the defect
regions in the phosphor had largely been removed. Even
higher Li* ion concentrations no longer favored the increased
Io_»/Iy_1 and Iy_»/Iy_4 ratios. The aforementioned shortened
Eu’*—Eu’" distance and the presence of La,Si,O; should be
responsible for this variation.

We also compared the PL properties of CLS:Eug4, Ligo3
phosphors prepared via the sol-gel and solid state reaction
methods. Fig. 6 shows the emission spectra for the two CLS:
Eup4, Lipos phosphors. Both phosphors exhibited similar
emission behaviors, which indicate they had similar crystal
structures. However, it is worth noting that the emission
intensities of those phosphors prepared via the sol-gel
combustion method were much higher than for those prepared
via the solid-state reaction method. Fig. 7 shows the SEM and
TEM images of the CLS:Euy 4, Lig 3 phosphors prepared via
the sol—gel and solid state reaction methods. The size of the
obtained sol-gel samples was approximately 300 nm. The size
of the sample prepared via the solid state reaction route was
approximately 500 nm. Moreover, as indicated in the insets,
the particles prepared via the solid state method were covered
with many small particles, which created a much coarser
surface than for those prepared via the sol-gel method.

Sol-gel combustion

Solid state

Intensity (a.u.)

600 650 700
Wavelength (nm)

550 750

Fig. 6. Emission spectra for two CLS:Eug4, Lipos; phosphors prepared by
either the sol-gel method or the solid state reaction methods.

X (%)

Fig. 5. (a) Emission intensity for SDy—Fy, Dy—'F, and *Dy— F, (i.e., Io_;, lo_» and I,_,) transitions as a function of the Li* ion concentration and (b) intensity
ratios of CLS:Eug4, Li, phosphors (Iyp_»/Iy_1, Iy_»/In—4) With an excitation wavelength of 387 nm.
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Fig. 7. SEM images of the two CLS:Euy 4, Lij 03 phosphors prepared by the (a) sol-gel method and (b) solid state reaction methods. Insets are the corresponding

TEM images. The scale bars in the insets are 300 nm.

Compared to the solid-state reaction, the sol-gel method
possesses the significant advantage of atomic-level mixing
uniformity for the starting ingredients (e.g., host material and
doping element) to generate products with homogeneously
distributed metal ions and fewer surface defects. These
advantages may account for the higher emission intensity.

4. Conclusions

In summary, we successfully synthesized red-emitting Cay(j_y)
La; 6,,(S104)¢02:Eug 4, Li, (CLS:Eug4, Li,) phosphors using a
citric acid based sol-gel combustion method. The crystal
structures of these phosphors were confirmed by powder X-ray
diffraction (PXRD). A sintering temperature of 1100 °C favored
the formation of CLS:Eup, and CLS:Eug,, Li, products with
high purities. Photoluminescent studies showed that the CLS:
Eug4 based phosphors could be readily excited by near-UV
(387 nm) irradiation, which makes them promising red-emitting
candidates for commercial near-UV LED-pumped white LEDs.
After doping with Li* ions, the CLS:Eugy, Li, phosphors
exhibited remarkably enhanced photoluminescent performances.
In addition, the emission intensity of the >Dy— 'F, transition
increased by an enhancement factor of 2.25, and the Iy_»/Iy_;
ratios varied from 3.16 to 5.71. Two possible factors could be
responsible for such improvements: (i) the incorporation of Li*
into the CLS host could eliminate oxygen defects from charge
compensation and thus prevent the radiative transitions from
being quenched, and (ii) the absence of oxygen defects in these
phosphors would also eliminate the inversion center and dampen
undesired transitions. Additionally, the emission intensities of the
CLS:Eug4, Li, phosphors generated via the sol-gel combustion
method were much higher than for those obtained via the solid-
state reaction method.
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