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ABSTRACT: A series of NaLagxDyx(SiO4)6O2 (NLSO:xDy, x = 0 — 0.3) apatite
phosphors were synthesized by solid-state reaction at 1100 °C. Their crystal
structure, morphology and patrticle size distribution, electronic structure, Raman
spectra, as well as concentration- and temperature-dependent luminescent
properties were investigated for the first time. The crystal structure is refined by the
Rietveld method. Undoped NLSO is hexagonal (space group P63/m — C?%h) with
lattice constants a =b =9.6917(3) A and ¢ = 7.1836(4) A. Dy3* ions substitute for the
La®* ones in two types of sites. The first-principle calculations for undoped NLSO
reveal an indirect bandgap of 5.06 eV. The photoluminescence properties were
investigated in detail through the measurements of the emission spectra and
luminescence decay curves. The NLSO:0.2Dy phosphor exhibited the typical Dy3*
emission corresponding to “Fa2 —°Hj transitions, among which the hypersensitive
electric-dipole transition *Fa2—°Hz32 (571 nm) dominates in the spectrum leading to
yellow emission color with CIE chromaticity coordinates of (0.469, 0.495) and a
correlated color temperature of 3150 K. The concentration quenching mechanism
for Dy®* ions was investigated. Excellent thermal stability was found for this new
apatite phosphor. The obtained results indicated that NLSO:xDy apatites are
promising as potential yellow emitting phosphors for applications in w-LEDs.

Keywords: orthosilicate oxyapatite; crystal structure; dysprosium ions; yellow
phosphor; luminescence.



1. Introduction

Compounds belonging to the structural family of apatite are well known for applications
exploiting their luminescent properties [1-4]. They have a general chemical formula
A10(MOa4)sX2, where A is a metal cation that can be monovalent (Na*, Li*), divalent (Ca?*, Sr?*,
Mg?*) or trivalent (e.g., a rare-earth ion, RE®**); X represents anions (F, Cl, Br, 0%, etc.) and
MOx is an anionic group (PO, SiO4, GeOa, etc.). Apatites crystallize in the hexagonal class
with space group P63/m [5]. Among them, rare-earth orthosilicate oxyapatites with general
formula AREg(SiO4)sO2 appear particularly attractive as luminescent host matrices due to
their rigid crystalline structure and excellent thermal and chemical stability [6]. For these
ARE(SiO4)sO2 compounds, two cationic sites exist: one with Csz point symmetry, partially
occupied by RE?* ions (site occupancy is 3/4) and univalent A* cations (site occupancy is 1/4)
and it is IX-fold coordinated resulting in a distorted 3-fold capped trigonal prism geometry,
while the second cationic site has Cs symmetry and is populated only by RE?* ions being VII-
fold coordinated resulting in a distorted pentagonal bipyramid geometry.

White light-emitting diodes (w-LEDSs) play an important role in the field of luminescence
and lighting technology. They are replacing the old incandescent and fluorescent lamps
owing to their high efficiency and long lifecycle. The approach of combining yellow phosphors
and blue InGaN diodes is widely used to achieve white light: blue light is partially absorbed
by the phosphor emitting yellow luminescence, and the complementary blue and yellow
emissions are mixed in appropriate proportions to generate white light in a compact w-LED
[7]. Itis thus relevant to search for novel efficient yellow-emitting luminescent materials.

Recently, multiple studies were dedicated to luminescent properties of RE**-doped
orthosilicate oxyapatite compounds [8-11]. Among the activator RE3* ions, dysprosium ions
(Dy®") are attractive for achieving yellow emission. The *Fo2 — ®Hizz and “Fez — ®Hisp
transitions of Dy3* fall in the yellow and blue spectral ranges, of which the *Fe2 — ®Hi32 one
is known to be hypersensitive to the crystal field (as AL = 2, AJ = 2) [12—-14]. Hence, the yellow
/ blue (Y/B) emission ratio may be varied via alteration of the structure of the host matrix and
the doping level. For example, if Dy3* locates at a low symmetry site, the emission intensity
of the *Far2 — BH13p transition is stronger than that of the *Fa2 — ®His2 one (leading to yellow
luminescence), and vice-versa. Theoretically, the emission color of Dy** in an appropriate
host can be tuned from blue to yellow depending on the chemical environment that surrounds
Dy¥. In earlier investigations, the pumping sources of Dy3*-activated materials were all
ultraviolet ones (e.g., 254, 349, 359 nm), while blue light is only popular in recent years.

Based on these considerations, Dy**-doped phosphors have potential application in the
field of w-LEDs. So far, most of the reports have focused on the ability of Dy**-activated
materials, such as CazssLio.15(PO4)1.85(SO4)o.15 [15], Cao7Yo03Tio.7Alb303 [16], NaBi(M0oOa4)2
[17] or Ca2Ys(Si04)s02[18], to emit white light. However, there are rare studies on Dy**-doped
phosphors for yellow light applications.

The present work puts emphasis on the apatite family. We have chosen
NaLag(SiO4)602 (abbreviated as NLSO) as a host material. Several similar orthosilicate
oxyapatites doped with rare-earth ions AREg(SiO4)sO2 (where A = Li or Na; RE =Y, La or
Gd) have been studied previously. Chuai et al. investigated the luminescent properties of
NaYo(SiO4)60O2 oxyapatite codoped with Eu®*, Th3*, Dy3* and Pb?* [19]. Lv et al. synthesized
a series of singly-doped (Ce**, Tb®* or Eu®) and codoped (Ce®*,Th* and Ce*,Mn?")
NaYy(SiO4)sO2 phosphors by high-temperature solid-state reaction and studied their structure
and luminescent properties [20]. There are no reports on photoluminescent properties of
Dy3*-activated NLSO phosphors, to the best of our knowledge. In the present work, such
materials were elaborated for the first time.



2. Experimental

2.1. Synthesis of the phosphors

The NaLaoxDyx(SiO4)sO2 (abbreviated: NLSO:xDy), where x =0, 0.01, 0.05, 0.075, 0.1,
0.15, 0.2, 0.25 and 0.3) phosphors were synthesized by conventional high temperature solid-
state reaction. High-purity powders of Na2COs (A.R. 99.5%), SiO2 (A.R. 99.9%), La2Os (A.R.
99.9%) and Dy20s3 (A.R. 99.5%) were used as starting materials without further purification.
According to the stoichiometric ratio, the corresponding powders were weighed and
thoroughly ground for about 60 minutes in an agate mortar with presence of small quantity of
ethanol to achieve uniformity. Afterwards, these mixtures were sintered at 1100 °C for 8 h
with a heating ratio of 5 °C/min to obtain the NLSO:xDy phase. The equivalent chemical
reaction is shown below (1 - gaseous products):

A
0.5 Na2COs+ 6 SiO2+ (9-x)/2 Laz03 + x/2 Dy203 — NalLagxDyx(SiO4)sOz2 + 1.

2.2. Characterization methods

The X-ray powder diffraction (XRD) patterns for the entire NLSO:xDy (x = 0 - 0.3) series
were collected at room-temperature (RT) using a Shimadzu XRD-6000 diffractometer in the
Bragg-Brentano geometry. This instrument was equipped with a Cu X-ray source, a
scintillation counter as a detector, and a Ni filter to eliminate the Kg radiation. The instrument
was operated at a tube voltage of 40 kV and a tube current of 40 mA. The diffraction data for
all the samples were registered in the 20 angular range of 10 - 70° at a scan speed of 2°/min
and a scan step spacing of 0.02°.

The morphology and size of the particles were studied by transmission electron
microscopy (TEM) using a JEOL 1011 microscope. The composition of the samples was
determined by electron dispersive X-ray spectroscopy (EDX) using a field emission scanning
electron microscope, FE-SEM (Thermo scientific, model scios2) combined with a Thermo
Scientific micro-analyzer with Pathfinder software.

The Raman spectra were measured using a Renishaw InVia confocal Raman
microscope equipped with an edge filter, a 50% objective (Leica), and an Ar* ion laser as
excitation source (Aexc = 514 nm). Fourier transform infrared spectroscopy (FTIR) analysis of
the samples was performed using a Nicolet 380 FTIR spectrophotometer.

The RT reflectance spectra in the 200-600 nm range were measured using a CARY
5000 (Varian) spectrophotometer. The RT excitation spectra were measured using a Horiba
Spectrofluorimeter (QuantaMaster series) with a spectral resolution of 0.4 nm. The RT
luminescence spectra were measured using the same confocal Raman microscope using
another line of the Ar* ion laser (Aexc = 457 nm). For temperature-dependent measurements
in the 25 — 400 °C range, we used a Linkam TMS94 temperature controller. The RT
luminescence decay curves were measured using a Cary Eclipse fluorescence
spectrometer.

2.3. DFT calculations

The electronic structure was established by the density-functional theory (DFT) method
using the Cambridge Serial Total Energy Package (CASTEP) code [21]. The generalized
gradient approximation (GGA) [22], under the Perdewe-Burkee-Ernzerhof (PBE) formulation
[23]. was chosen as a theoretical basis of the density function. A norm-conserving
pseudopotential (NCP) [24] was used to simulate orbital electrons. The cutoff energy of plane-
wave basis was 789.10 eV. The k-point sampling scheme of the 3x3x3 Monkhorst-Pack grid
was used. The other calculation parameters and convergent criteria were the default values
in CASTEP.

3. Results and discussion



3.1. Structure analysis

The XRD patterns of NLSO:xDy phosphors (for x in the range of 0 — 0.3) are shown in
Fig. 1(a). All the observed diffraction peaks matched well with the standard powder diffraction
file (PDF) card JCPDS #96-400-1780 corresponding to lanthanum silicate oxyapatite,
Lags0Sis.87026, Fig. 1(b). No other diffraction peaks of any impurity phases were observed,
stating that all the samples are of single-phase nature. The NLSO:xDy phosphors crystallize
in the hexagonal class with space group P6s/m — C%h, No. 176 and point group 6/m. The
doping levels studied with Dy** does not alter the structure of the material.

To better understand the structure of NLSO:xDy and the incorporation behavior of Dy3*
ions in the NLSO host matrix, the Rietveld refinement of undoped and Dy**-doped samples
(NLSO:0.1Dy) was carried out using match3! software, Fig. 2. The refinement parameters
are listed in Table 1. The crystal structure of LiYoxCex(SiO4)sO2 [25] was taken as a starting
model for the refinement. The calculated patterns agree well with the experimental profiles.
For undoped NLSO, the determined lattice parameters are a = b = 9.6917(3) A and ¢ =
7.1836(4) A, y = 120° (the number of the units formula Z = 1), the volume of the unit-cell V =
584.357 A3 and the calculated density pcac = 5.279 g/cmd. The reliability factors of the
refinement are Rup = 13.8%, Rexp = 9.43% and the chi-squared x? = (Rwp/Rexp)? is 2.14
indicating good convergence of the fit. The obtained fractional atomic coordinates, site
occupancy factors and isotropic thermal factors for both undoped and Dy**-doped samples
are summarized in Table 2.

Based on the results of the Rietveld refinement, a projection of the crystal structure was
drawn, as shown in Fig. 3. For undoped NLSO, the cations (La**, Na*, Si**) occupy Wyckoff
positions 4f and 6h. The 4f site with Cs point symmetry is occupied by La®* and Na* cations
coordinated by nine oxygen atoms, while the 6h site with Cs point symmetry is mainly
occupied by only La®" ions coordinated by seven oxygen atoms. The isolated [SiO4]*
tetrahedra are linked by cation polyhedra [Na|LaOg] and [LaOs]. A particular structural feature
of oxyapatites containing rare-earths ions is the presence of the so-called free oxygen (0O4),
which does not link to any silicon tetrahedron and is very close to the 6h sites. Its charge is
strongly undercompensated by the neighboring cations. This leads to the following principle
of site occupancy in silicate apatites formulated by Blasse et al. [26]: it is very unfavorable to
have cations of large radius and small charge (e.g., Na*) in the 6h sites.

As evidenced by the XRD studies, the Dy3* ions successfully incorporate into the NLSO
host lattice. They are expected to replace the host-forming trivalent cations, La%*, in two types
of sites with point symmetries Cs (C.N. = IX) and Cs (C.N. = VII), where C.N. is the
coordination number by oxygen. The ionic radii of Dy3* dopant ions are Roygx) = 1.083 A and
Royoiy = 0.97 A being smaller than those for the host-forming La®* cations, Riagx) = 1.216 A
and Ruaviy = 1.1 A [27] . Thus, it is expected that the Dy3* doping will lead to the shrinkage of
the unit-cell volume. This is well evidenced by focusing on the (hkl) = (002) diffraction peak in
the measured XRD patterns of the NLSO:xDy phosphors, cf. Fig. 1(c), whose position is
gradually shifted to larger diffraction angles 26 as the concentration of Dy3* ions increases.
Indeed, the lattice parameters for the sample NLSO:0.3Dy are a=b = 9.6651(1) A and ¢ =
7.1756(4) A, y = 120° which are smaller than those for undoped NLSO.

The mean size of the crystallites D can be estimated using the Debye-Scherrer
formula [28]:

0.91
Dras = fcos(@)’ )

where, A is the wavelength of X-rays (1.54056 A), Bis the full width at half maximum (FWHM)
of the diffraction peak and 6 is the peak diffraction angle. The most intense reflections (211)
were considered for this calculation, Table 3. As the Dy** doping concentration increases,
Dnu decreases slightly from 132 nm (for undoped NLSO) to 113 nm (for NLSO:0.3Dy).



3.2. IR and Raman spectroscopy

IR and Raman spectra of NLSO:xDy (x =0, 0.1, 0.2 and 0.3) oxyapatites are shown in
Fig. 4. For the IR spectra recorded in the 400-1200 cm™ range, Fig. 4(a), the typical bands of
the SiO4 groups are revealed at 958-975 cm™ and assigned to antisymmetric stretching
modes (vas), those at 862-908 cm™ - to symmetric stretching mode (vs), the band around 539
cm? is referred to antisymmetric bending modes (das), and those at 454-487 cm™ - to
symmetric bending modes (s) of the SiO4 tetrahedra [29,30]. The identification of these
spectral components indicates the existence of orthosilicate groups. The observed large
bandwidths, especially for the vs mode, are ascribed to distortion of isolated SiO4 groups from
the ideal Ta symmetry [31]. The intense band at 656 cm is attributed to antisymmetric and
symmetric stretching vibrations of the Si—O—Si bands.

The bands observed in the Raman spectra, Fig. 4(b), recorded in the range of 70-1200
cm?, have been assigned to modes of silicate groups in the apatite structure [32,33]. The
Raman spectra contained bands grouped in two distinct regions. In the high-frequency range,
the intense band at 850 cm™ is ascribed to the symmetric stretching mode vs of SiOa
tetrahedra and the weak bands at 930-945 cm' - to the corresponding asymmetric stretching
mode vas. At intermediate frequencies above 325 cm, the band at 388 cm? is assigned to
the symmetric bending mode &s and those at 521-565 cm - to the asymmetric bending mode
0as Of the SiO4 groups. The bands at smaller frequencies are due to external modes [34]. For
the sample with x = 0.3, we have observed a slight broadening and red shifting of the
stretching bands due to the cation disordering and distortion of the SiO4 tetrahedra.

3.3. Morphology and composition

The morphology and microstructure of NLSO:xDy (x = 0 and 0.3) phosphors were
investigated by TEM and FESEM. TEM displays spherical nanoparticles, Fig. 5(a,b), with a
relatively broad size distribution as shown in Fig. 5(c,d). Small particles are agglomerated
forming bigger crystallites. The mean size of the nanoparticles determined by the linear
intersect method decreases from 175 nm for undoped NLSO to 115 nm for NSLO:0.1Dy
which is in good agreement with the XRD findings.

Figure 6(a,b) presents the EDX spectra of undoped NLSO and NLSO:0.1Dy phosphors
verifying the presence of Na, La, Si, O (in both samples) and Dy (in doped sample) elements.
The EDX element mapping for the NLSO:0.3Dy phosphor is shown in Fig. 6(c). This analysis
confirms a uniform distribution of Dy** ions over La®* sites in the host lattice.

3.4. Bandgap and electronic structure

The DFT method was used to calculate the energy band structure and the density of
states (DOS) of the phosphor host, Fig. 8. The top of the valence band (VB) is located at the
high symmetry point G of the Brillouin zone, while the bottom of the conduction band (CB) is
located at another point M, indicating that NLSO is an indirect bandgap material. The
calculated bandgap Eq is 5.06 eV. The wide bandgap nature of NLSO is attractive for its
applications as a matrix for doping with luminescent centers and for improving the thermal
stability of the material.

Figure 10 shows the partial densities of states (PDOS) for O, La, Si and Na. The band
located at-17.3 eV is attributed to the state O_2s. Near the Fermi level (energy equal to zero),
in the VB, the main peak localized at -2.5 eV is mostly contributed by the O_2p state. The
bottom of the CB located at around 4.95 eV mainly originates from the La_5d state. Thus, the
bandgap of NLSO is attributed to the charge transfer from the O_2p to the La_5d state.

The diffuse reflectance spectra of undoped NLSO and NLSO:0.1Dy samples, Fig. 9(a),
exhibit a strong rise of absorption in the UV, around 220 nm, corresponding to the band edge



absorption of the NLSO host. The Dy-O-P charge transfer band (CTB) band for NLSO:0.1Dy
is detected at 209 nm.
The experimental bandgap energy Eg can be derived using the so-called Tauc plot [35]:

(aabs : h'yph)n =A- (hyph - Eg): (2)

where hvph is the photon energy, aans is the absorption coefficient, n is the parameter
depending on the transition type (n = 1/2, 2, 3/2 or 3 for allowed direct, allowed indirect,
forbidden direct and forbidden indirect electronic transitions, respectively). According to the
DFT analysis, NLSO is an indirect band gap material (n = 2). From the corresponding Tauc
plot of the NLSO sample shown in Fig. 9(b), we achieve Eq = 5.84 eV, which is slightly higher
than the calculated value. The reason behind this underestimation is the discontinuity of the
exchange correlation energy function [36]. The measured optical bandgap for the Dy-doped
sample NLSO:0.1Dy (5.35 eV) is slightly smaller than that for the host material.

3.5. Photoluminescence

Figure 11(a) shows the measured RT excitation spectra of the NLSO:0.2Dy phosphor.
The emission at two wavelengths was monitored: 571 nm and 478 nm. The corresponding
excitation spectra are very similar. They exhibit several bands peaking at ~323, 348, 363/366,
386, 425 and 452 nm corresponding to transitions from the ground-state ®Hzs2 to the higher-
lying excited-states %P3y, P71z, 5Psr2, 41312, G112z and 4lisr2, respectively. In particular, the broad
band peaking at ~452 nm (the ®His2 — “l1s2 transition in absorption) is suitable for using
commercial blue diode lasers as excitation sources of NLSO:xDy phosphors.

The RT photoluminescence (PL) spectra of NLSO:xDy phosphors as a function of Dy3*
doping level are shown in Fig. 12(a) (measured for Aexc = 457 nm). The spectra contain three
intense bands at ~478, 571 and 662 nm originating from the *Fa2 — ®Hisy2, *Fo2 — ®Hizzand
4Far, — SH112 electronic transitions of Dy3* ions, respectively. It is known that the *Fa2 — SH132
Dy3*transition is a hypersensitive one. When Dy** ions are located in low-symmetry sites, the
yellow emission dominates in the PL spectrum, otherwise the blue emission (*Fg2 — ®Hisp)
is dominant [37,38]. For the studied material, the intensity of the yellow emission is stronger
than that of the blue emission, indicating that Dy3* ions are located at low symmetry sites in
agreement with the XRD findings (namely, the Cs and Cs symmetry sites).

As for the concentration dependence of the PL intensity, it first increases and reaches
a maximum at x = 0.2 and then drops owing to the concentration quenching, see Fig. 12(b).
The concentration quenching is driven by the process of non-radiative energy transfer
between neighboring Dy3* ions when the doping concentration attains a critical value [39,40].
To characterize the concentration quenching of the NLSO:xDy phosphor, the critical distance
of the energy transfer Rc was estimated using the equation proposed by Blasse [41,42]:

3V 1/3
e zz{mJ ! ©)
where V is the volume of the unit-cell, N is the number of host cations in the unit-cell, xc is the
atom fraction of activator at which the quenching occurs. For the NLSO:0.2Dy sample, N =
1, V =582.589 A3 (from XRD data) and xc = 0.2. According to Eq. (3), Rc amounts to 17.7 A,
which is in agreement with the previously reported values for Dy**-activated apatite
phosphors, such as CasLa(POa4)s(GeOa)F2 (Rc = 17.23 A) [43] and CasY3Naz(POa4)s(SiOa)F2
(Rc=17.05 A\) [44]. Exchange and multipolar interactions are the two main effects responsible
for the resonant energy transfer. The probability of energy transfer via the exchange
interaction mechanism for distances exceeding 5 A is very low [45]. As for the multipolar
interactions, their type can be determined from the following equation [46]:

log(é) =K- -g- log(x),

(4)



where | is the PL intensity, x is the concentration of the activator which is greater than the
critical concentration, K is a constant specific for the host material and 6 is a multipole
character function: 6 = 6, 8 or 10 for dipole-dipole (d-d), dipole-quadrupole (d-q) or
guadrupole-quadrupole (g-q) interactions, respectively.

The inset in Fig. 12(b) shows the application of Eq. (4) to the studied material (for x >
0.2). The *Fo2—%H1322 transition of Dy** ions was analyzed. The slope of the dependence of
log(I/x) on log(x) is -1.22+0.05, equivalent to 8 = 3.63 suggesting mainly d-d interactions.

The scheme of energy-levels of Dy** ions is shown in Fig. 11(b). The excitation of Dy3*
ions at 457 nm populates the short-living #l152 excited-state. The excited ions experience an
efficient multi-phonon non-radiative (NR) relaxation to the lower-lying metastable “For2 state.
The visible emissions of Dy®* ions originate from transitions from this state terminating at the
ground-state (°Hasz, in the blue), ®Hizz (in the yellow) and ®Hauz (in the red).

3.6. Luminescence decay

Figure 13(a) shows the luminescence decay curves for NLSO:xDy samples plotted in
a semi-log scale. The emission was monitored at 571 nm (decay from the metastable “Fo2
excited state). The decay curves are clearly not single exponential for all the studied samples.
This agrees with the accommodation of Dy** ions in two different crystallographic sites with
different symmetry and coordination. The application of the bi-exponential fit to the decay
curve measured for the sample with the lowest studied Dy** doping level (x = 0.01,
corresponding to weak concentration quenching and weak ion interactions) yields the
lifetimes 11 = 0.27£0.03 ms and 12 = 0.8+0.02 ms.

For all the decay curves, we have also calculated the mean decay time <num>, as shown
in Fig. 13(b). With increasing the Dy doping level x from 0.01 to 0.3, <mum> tends to decrease
from 0.758 ms to 0.523 ms. A similar behavior was observed in [45] for another Dy** activated
apatite phosphor, BaxYs-3xDysx(SiO4)3F, for which <num> decreased from 1.096 ms to 0.785
ms for x from 0.005 to 0.08. The dependence in Fig. 13(c) is not completely monotonous as
certain redistribution of Dy®* ions over the lattice sites is expected with increasing the Dy3*
doping level, as evidenced by slight changes in the PL spectra.

The decrease of the *Fg2 Dy*" lifetime with the doping level is well known and is related
to cross-relaxation (CR) among adjacent ions at increasing doping levels. The CR processes
are shown in Fig. 11(b). The main CR channels are (i) *For2 + ®His2— *Fu2 + 8Hop|®F112, “For
+ SH152 — OFs5/2 + SH72/%F72 and 4For2 + H1s12 — SFs12 + ®Hs2|°F712 [47]. All these processes are
phonon-assisted. With increasing the Dy3* doping level in NLSO, the distances between the
activator ions decrease leading to increasing CR probability, which shortens the lifetime.

3.7. Temperature-dependent luminescent properties

Thermal stability is an important factor for practical applications of phosphors. During
continuous excitation, the temperature of the luminophore rises due to the heat release
related to NR transitions of the activator ions, energy transfer to defects and impurities, as
well as host absorption, which deteriorates the PL efficiency. A thermal stability test was
carried out for the NLSO:0.2Dy sample in the temperature range of RT - 400 °C, as shown
in Fig. 14. The PL intensity decreases with temperature. It is reduced to ~65% at 200 °C and
to ~17% at 400 °C with respect to the initial intensity at RT. A schematic diagram explaining
the reduction in the PL intensity is shown in Fig. 15(a), showing how Dy3* ground electrons
excited by blue light can return to the ground state via radiative transitions in the blue, yellow
and red spectral ranges. With the temperature rise, the interaction of activator ions with
thermally active phonons of the host matrix promotes the electrons to overcome the activation
energy Ea and reach the intersection of the ground- and excited states, called the P-point.



The electrons then return to the ground state non-radiatively (via g). The activation energy,
Ea, was derived using the Arrhenius-type activation model [48,49]:

()= Io(l +c EXP(—%))l : (5)

where | is the PL intensity at a given temperature T, lo is its value at RT, c is a constant, K is
the Boltzmann constant and Ea is the activation energy. Figure 15(b) shows the plot of In((lo/l)
- 1) versus 1/(kT) for the NLSO:0.2Dy sample. The linear fit of the experimental points yields
an activation energy Ea = 0.23+0.015 eV. Consequently, the studied phosphor possesses
good thermal stability, which provides an excellent possibility for applications in w-LEDs.

3.8. Chromaticity coordinates and CCT

Figure 16 shows the CIE (Commission International de I'Eclairage) 1931 color space
together with the color coordinates (x, y) of luminescence of the NLSO:xDy phosphors. The
(%, y) coordinates were calculated from the PL spectra and their values are listed in Table 4.
For the sample with highest emission intensity (x = 0.2), the chromaticity coordinates are
(0.469, 0.495) corresponding to a dominant wavelength A¢ of 570 nm falling in the yellow
range with a color purity p of 98%. With increasing the Dy®* doping level, there is a tendency
for shifting the (X, y) coordinates towards orange emission and increasing the color purity.

The correlated color temperature (CCT) was calculated using the McCamy’s empirical
formula [50]:

CCT =-437n’ + 36011 — 68611 + 5514.31 (K), (6)

where n = (X - xe)/(y - Ye) and xe =0.332, ye =0.186 are the coordinates of the epicenter of
convergence. The resulting values of CCT are listed in Table 4. For the sample with x = 0.2,
CCT amounts to 3150 K.

Table 5 presents a comparison of the emission properties of several Dy** activated
apatite phosphors studied so far. Note that the color of emission changes from yellow to white,
depending on the actual composition of the phosphor host. In our case, the yellow / blue (Y/B)
emission ratio is relatively high as compared to other phosphors, which leads to a strong
yellow luminescence.

4. Conclusions

In conclusion, by using the traditional solid-state reaction, novel single-phase yellow-
emitting NaLas(SiO4)sO2:xDy** phosphors were synthesized. A systematic study of the crystal
structure, morphology, Raman and IR spectra and luminescent properties of the synthesized
phosphors was performed. The X-ray diffraction indicated that the as-prepared phosphors
crystalize in the hexagonal system with space group P6s/m and, that the dopant Dy3* ions
occupy two non-equivalent crystallographic sites with the symmetries Cs and Cs. The DFT
calculations indicated a wide indirect bandgap of 5.06 eV. The luminescence spectra of the
phosphors are dominated by the *Fo2— ®Hizzband at ~571 nm which determines the yellow
emission color. The luminescence decay curves exhibit a double exponential shape
confirming the multi-site nature of the material. The mean luminescence lifetime of the *For2
Dy?* state is 0.758 ms at low doping level and it shows relatively weak dependence on the
Dy3* concentration. The phosphor composition with x = 0.2 corresponds to the maximum
emission intensity. The critical radius Rc is calculated to be 17.66 A, indicating that the
concentration quenching is probably caused by d-d interactions. The CIE chromaticity
coordinates were calculated falling into the yellow color region for all the studied Dy>* doping
levels. The corresponding CCT values are in the range 3398 - 3152 K. Finally, temperature-
dependent luminescence measurements indicated excellent thermal stability. Combining all
the results, we conclude that NLSO:Dy might serve as yellow-emitting phosphors for w-LEDs.
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Fig. 7. Energy-dispersive X-ray (EDX) element mapping for the NLSO:0.1Dy
sample: (&) SEM image; (b) Na (K-line); (c) La (L-lines); (d) Dy (L-lines); (e)
Si (K-line); () O (K-line).
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Fig. 13. (@) RT luminescence decay curves for NSLO:xDy phosphors, Aexc =

457 nm, Aum =571 nm; (b) biexponential fit of the decay curve for the sample

with x = 0.01; (c) mean luminescence decay time <num> as a function of Dy?*
doping level.
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Fig.14. (a) Temperature-dependent luminescence spectra of the
NLSO:0.2Dy sample, Aexc = 457 nm; (b) the corresponding contour map.
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(b) evaluation of the activation energy for the NLSO:0.2Dy phosphor using
an Arrhenius-type activation model, Eq. (5).
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Fig. 16. The CIE 1931 chromaticity diagram showing the color coordinates
for NLSO:xDy phosphors, inset — photograph of the NLSO:0.15Dy sample
under blue illumination.
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Table 1. Crystallographic data and structure refinement parameters of undoped
NLSO and NLSO:0.1Dy apatites.

Sample NLSO NLSO:0.1Dy

Chemical formula NaLag(SiO4)602 NaLas,gDyo,l(SiO4)602

Crystal class Hexagonal

Space group P6s/m

Number of formula units (2) 1

Point group 6/m

General multiplicity 12

Reduced Number of S.O. 6

Calculated density (g/cmq) 5.279 5.289

Lattice constants a = b, ¢ (A) 9.6917(3), 9.6897(5),
7.1836(4) 7.1825(4)

a=p,v(deg.) 90, 120

Unit-cell volume V (A3) 584.357 584.018

26 range (deg.) 20-70

20 step (deg.) 0.02

Radiation CuKal (A=1.54056 A)

No. of reflections 192

Refinement software Match3! software

Reliability factors Rp=9.89, Rexp =9.43, Rp=10.0, Rexp=9.43,

RBragg=2.56, Ryp=13.8, Rearmgg=2.81, Ryp=13.8,

x>=2.14 x*=2.15

Table 2. Fractional atomic coordinates, occupancy factors (O.F.) and isotropic
thermal factors (Biso) of NLSO and NLSO:0.1Dy

Atoms Wyckoff x/a y/b zlc O.F. Biso, A2
NLSO

LallNa 4 0.3333(3) 0.6667(0) -0.0028(0) 0.750[0.250 0.65
La2 6h 0.2316(1) -0.0142(5) 1/4 1.00 0.89
Si 6h 0.4026(0) 0.3707(1) 1/4 1.00 1.12
o1 6h 0.3280(4) 0.4815(6) 1/4 1.00 098
o2 6h 0.5880(5) 0.4631(0) 1/4 1.00 1.23
03 12i 0.3362(6) 0.2525(3) 0.0744(5) 1.00 1.08
04 2a 0 0 1/4 1.00 1.25
NLSO:0.1Dy

Lal[Na|Dyl 4f 0.3333(5) 0.6667(0) -0.0031(2) 0.741]0.01/0.250 0.84
La2lDy2  6h 0.2215(3) -0.0116(0) 1/4 0.999/0.011 1.03
Si 6h 0.3926(3) 0.3453(9) 1/4 1.00 1.07
o1 6h 0.3358(1) 0.4823(3) 1/4 1.00 1.27
o2 6h 0.5866(3) 0.4756(2) 1/4 1.00 1.65
03 12i 0.3863(7) 0.2685(0) 0.0883(5) 1.00 1.02
04 2a 0 0 1/4 1.00 1.12
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Table 3 Unit-cell parameters, unit-cell volume and Scherrer crystallite
sizes of NLSO:xDy (x =0, 0.1, 0.2 and 0.3).

xDy 0 0.1 0.2 0.3
a,b(A) 9.6917(3) 9.6897(5) 9.6835(4)  9.6651(1)
c(A) 7.1836(4) 7.1825(4)  7.1741(0)  7.1693(3)
Vv (A3) 584357  584.018 582589  580.377
Dey(nm) 132 129 125 113

Table 4. Color coordinates (x, y) and correlated color
temperatures (CCT) for NLSO:xDy phosphors.

XDy X y CCT, K
0.01 0.452 0.501 3398
0.05 0.451 0.505 3432
0.075 0.459 0.498 3289
0.1 0.466 0.492 3162
0.15 0.468 0.493 3152
0.2 0.469 0.495 3150
0.25 0.469 0.498 3157
0.3 0.470 0.498 3152

Table 5. A comparison of the emission properites of Dy3*-activated apatites phosphors.

Phosphor X y color CCT,K fum,ms Ref.

NaLag(SiO4)sO2:Dy 0.469 0.495 vyellow 3150 0.63 This work
CasY3Nax(PO4)s5(SiOs)F2Dy 0.396 0.421 vyellow 3916 - [51]

CaglLa(PO4)s(SiO4)Cl2:Dy 0.334 0.355 white 5436 0.53 [52]
Ba,Y3(SiO4)sF:Dy 0.357 0.389 white 4738 1.07 [53]
LasBau(SiO4)sF2:Dy 0.342 0.378 white 5170 0.56 [54]
Cagla(PO4)s(SiO4)F2:Dy 0.356 0.366 white 4663 0.57 [55]
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