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ABSTRACT

The triply-doped xTb3*/xEu?*/xDy>* CaWOy, (x: 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 mol%) nanomaterials were
prepared at room temperature by a coprecipitation method. The luminescence materials were charac-
terized by X-ray powder diffraction (XPD), thermal analysis (TG), infrared absorption spectroscopy (FTIR)
and UV excited photoluminescence. The prepared powder phosphors are single-phase scheelite structure
with porous morphology and particle sizes around 11 nm. The materials display white color from cool to
the warm white, under UV excitation, as a result of the intraconfigurational 4f transitions from trivalent
rare earth ions. The non-radiative energy transfer processes from the O—W and O — Eu LMCT as well as
the 4f8 — 4f75d" states to the intraconfigurational 4f excited levels of rare earth ions and simultaneous
emissions from the “Fgj; (Dy3>*)—°D4 (Tb**)—>D1,°Dg (Eu>*) emitter levels are reported. Furthermore,
CIE parameters and the color correlated temperature (CCT) are discussed in order to characterize the
color emission. Based on the results, these luminescence materials may be potential candidates for white

light emitting diodes and solid-state lighting.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, there is an increasing attention to the development
of white emitting materials applied to the light-emitting diodes
(LEDs) instead of conventional incandescent and fluorescent lamps.
These luminescence materials exhibit new advantageous as power
efficiency, energy saving, environmental friendliness, no mercury
and extended operation time compared to the predominant in-
candescent and fluorescent lamps [1—5]. Usually, many lumino-
phores applied in white-LEDs are based on two or three different
phosphors consisting of the blue, green and red emission colors,
exhibiting different thermal stability and degradation leading to a
higher costs [5]. For example, the white light emitting phosphors
can be reached by the combination of the blue LED chip GaN with
YAG:Ce3*, K5SiFs:Mn** and B-SiAION:Eu?* materials, showing the
yellow, red and green emission colors, respectively [1]. However,
the mixture of different phosphors can result in both low
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reproducibility and low Color Rendering Index (CRI). Another
failing includes high Corrected Color Temperature (CCT > 7000 K)
due to the lack of a red emission light component that limits its
multiple applications [6,7].

These disadvantages can be overcome by using different acti-
vator ions in the same host matrix called the single-phase white
light-emitting phosphor that is usually excited by UV radiation.
This kind of luminescence materials has a great advantage such as
high CRI, high luminescence efficiency and lower manufacturing
cost that are excellent alternatives for applications in LEDs and in
white-light-emitting diodes (WLEDs). Generally, the single-phase
materials applied in WLEDs work as a result of non-radiative en-
ergy transfers (ET) from a sensitizer to activators as an efficient way
to obtain a warm white light.

Currently, luminescence materials based on ET process such as
Sr3By0g:Ce3* Eu?t,  Sr3Gdy(Siz0g)z:Ce3* Th3+/Mn?*,  CagMg(-
PO4)6F2: Eu?tMn?* and NaCaBOs:Ce®*/Mn?* have been used
[8—11]. However, in preparation of these photonic materials, a
reducing atmosphere and long reaction time is necessary, leading
to a high cost and energy spent [12]. In the last years, were reported
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single-doped tricolor emission phosphors in only one matrix con-
taining rare earth ions (RE™") prepared by different synthetic routes
like  CapSiO4RE  (RE:  Ce3*,  Eu?*, sSm’') and
CayMgo75Al0 55117507 RE3T (Ln: Ce3*, Dy>*, Eu®*, Sm3*) by the
conventional solid-state method and CaO—Al,03—B,03—RE,03 (RE:
Eu?t, Th>+, Tm>*) prepared by melt quenching method [12—14].

The CaWO4:RE>* nanophosphors have demonstrated inter-
esting luminescence properties with potential applications in
several fields as waveguide lasers host materials, optical fibers,
organic light-emitting diodes (OLEDs), photovoltaic devices, lumi-
nescent materials [15—19]. In addition, tungstate [WO4]*>~ based
matrices are an important family of phosphors due to their excel-
lent thermal stability and interesting optical behavior [20—22]. The
CaWOy can be doped and activated with NUV-blue light-absorbing
ions for applications in WLEDs due the efficient energy transfer
from tetragonal tungstate groups [WO4]?~ to the activator RE>*
jons [23—29]. Besides, the RE>* doped in the MWO,4 matrices (M?*:
Ca, Sr, Ba) present 0% (2p)—Eudt(4f), 0% (2p)—WV(5d)
Ligand—to—Metal Charge Transfer (LMCT) states and Tb>*
48— 4f75d! interconfigurational transitions as well as the RE>* 4f-
intraconfigurational transitions, which may to improve the lumi-
nescence efficiency of these materials. The design of the phosphors
leading to the color tuning arising from the narrow line emission
bands assigned to the 4f-4f transitions of RE3* ions. It is important
to point out that the Dy>* ion may acts as a sensitizer and can
partially transfer energy from the 4Fgp state to the >D4 and Dy
emitting levels of the Tb®>* and Eu®" ions, respectively. In addition,
the Tb>* ion acts as a good sensitizer to Eu>* activator transferring
part of the energy from the >Dy level to the emitting >D;,°Dg level of
Eu®* ion [30,31]. The full-color single-phased phosphors arising
from the combination of green (Tb>*), yellow (Dy>*) and red (Eu>")
emission bands can potentially be used for high luminous efficient
white LEDs [32].

The tungstate materials prepared by ceramic method need high
temperatures (>1000 °C) and long reaction time and reducing at-
mosphere, leading to a high energy consumption as well as in-
homogeneity of the material particles [33]. However, the
coprecipitation method exhibits many benefits such as short re-
action time, straightforward operation at room temperature. This
procedure is environmental friendly producing materials with high
crystallinity and controlled particle size [22,34].

In this work, the simultaneous incorporation of the Th>*/Eu3+/
Dy triply-doped CaWO, matrix as a possible alternative to solid
state synthesis is to use the “green procedure” applying a copre-
cipitation method as well as their luminescence properties are
described. Moreover, the [WO4]*>~ and Eu®* LMCT states and
4f8 - 4f75d" (Tb>*) transitions are also discussed. Finally, the non-
energy transfer process from the tungstate host lattice to the rare
earth ions as well as between their 4f-4f transitions of the 4F9/2
(Dy3*), °D4 (Tb3*) and °D; (Eu>*) emitting levels are also analyzed
and elucidated.

2. Experimental section

The RE3* dopant ions were obtained from their respective ox-
ides RE03 (Cstarm, 99.99%) for Eu>* and Dy>* and Tb407 (Cstarm,
99.99%) for Tb>* by digestion of their aqueous suspensions with the
addition of concentrated hydrochloric acid until pH reaches 6. The
RECl3-6H0 resulted white crystalline solids were dried and
filtered and afterwards stored under reduced pressure in vacuum
desiccator. The CaWO,4:xTb>* xEu>* xDy>* (x: 0.5—5.0 mol%) ma-
terials were prepared with conventional coprecipitation reaction
using aqueous solution of Na,WO4 (99.99% Vetec), CaCl, (99.99%
Alfa) and RECls. The RE3* doping concentrations were identical for
each rare earth ion in following concentrations: 0.5, 1.0, 2.0, 3.0, 4.0

and 5.0 mol% of the Ca?* amount.

The CaWO4:RE3* (5.0 mol%) material was prepared from a
mixture of CaCl,-2H>0 (0.085 mol L’l) and RECl3-6H,0 aqueous
solutions (RE>*: Tb, Eu and Dy; 0.05 mol L~1). After, the resulting
solution was dropwise added into the Na;WO4-2H;0 (0.1 mol L’1)
aqueous solution under magnetic stirring, leading to white pre-
cipitate immediately. The crystalline powders were washed with
distilled water for thrice, filtered and after dried under reduced
pressure in vacuum desiccator. The as-prepared materials are air
stable and non-hygroscopic. The synthesis of the materials at
different doping RE>* concentrations 0.5, 1.0, 2.0, 3.0 and 4.0 are
similar to 5.0 mol% one.

The infrared absorption spectra were performed with KBr pel-
lets with the equipment Bomem MB100 FTIR apparatus in the
spectral region from 400 to 4000 cm ™. The X-ray powder diffrac-
tion (XPD) patterns were registered by a Miniflex Rigaku (Cu K
1.5406 A) from 5 to 60° (20) with the step of 0.02° and step inte-
gration time of 1 s.

The scanning electron microscopy (SEM) images and the energy
dispersive spectroscopy (EDS) elemental mapping were obtained
with a JEOL JSM-7401F Field Emission Scanning Electron Micro-
scope with the acceleration voltages of 5 and 15 kV, respectively.
For the SEM images, the solid samples were deposited on carbon
graphite sample holder. In the EDS mapping, the samples were
prepared by dispersing the materials in chloroform. The suspension
was submitted to ultrasound for 15 min and then placed on a car-
bon graphite grid sample holder.

Thermogravimetric (TG) curves were obtained with the 2950
TGA HR V5.4A equipment from 40 to 950 °C in a dynamic atmo-
sphere of synthetic air with constant heating rate of 10 °C min~".
The photoluminescence study was conducted based on the exci-
tation and emission spectra recorded at room temperature (300 K)
by use of the front-face data collection mode (22.5°) with a 450 W
Xenon lamp as the irradiation source coupled to the equipment
SPEX-Fluorolog 2 with double monochromators. The luminescence
decay curves were recorded with a 150 W pulsed xenon lamp
attached to the SPEX 1934D phosphorimeter accessory. The CIE
(Commission Internationale de I’Eclairage) color coordinates were
calculated from the emission spectra by use of SpectraLux v2.0
software [35].

3. Results and discussion

The thermogravimetric curves of triply-doped
CaWO4:xTb** xEu3* xDy>*+ (x: 0.5—5.0 mol%) materials exhibit
low weight loss event in the temperature interval from 40 to
800 °C, indicating good thermal stability of the materials (Fig. 1).
The first weight loss (1.5%) event is observed between 40 and
~130 °C due to adsorbed/absorbed water, suggesting that the
crystalline material has no phase impurities in its composition. The
water loss corresponds to 025 mol HO of the
CaWO4:Tb3* Eu* Dy>* (5.0 mol%) material. It is expected the ex-
istence of hemihydrate form WO4-0.5H;0 in the system, since the
material contains high RE>* doping concentration [36]. Due to the
proximity, the rare earth ions can share the molecules of water
resulting in a hemihydrate compound.

The infrared absorption spectra (FTIR) of the
CaWO0,4:Tb>* Eu* Dy>* (x mol%; x: 0.5—5.0) materials show me-
dium absorption band at around 3400 cm~' assigned to the O—H
stretching vibrations owing to the adsorbed water by the KBr pel-
lets and the compounds (Fig. S1). The intense absorption band
located at 800 cm™! is attributed to the W—0 symmetric stretching
mode and the absorption peak at 400 cm™! are assigned to the
d (Ca—0) bending modes [22,37]. Besides, the undoped and doped
materials present similar FTIR features despite the high doping
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Fig. 1. Thermogravimetric curves of CaW0,4:xTb>* XxEu3*xDy>* (x: 0.5, 1.0 and 5.0 mol
%) materials recorded in dynamic synthetic air atmosphere.

concentrations of the rare earth ions (Tb3*, Eu>* and Dy?* from 0.5
to 5.0 mol%) in the phosphors.

The X-ray powder diffraction (XPD) patterns of the
CaWO4:Th>* Eu* Dy3*+ materials suggest the tetragonal scheelite
phase with the I41/a space group (PDF entries: CaW0,4 41-1431
strongest reflections at 20 values of 18.58 [101] and 28.74 [112]
(Fig. 2a) [38]. There are no additional diffraction peaks arising from
the impurities or the RE;(WO4)3 phase, confirming the successfully
preparing of the CaWO4:Tb>* Eu®*,Dy>* materials, even at higher
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Fig. 2.a) The Xray powder diffraction (XPD) patterns of the

CaWO0,:xTbh3* xEu** xDy3* (x: 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 mol%) materials. Vertical
bars at the bottom of the figure indicate the standard PDF [ICDD entry #41-1431] [33]
data for the tetragonal CaWO, phase. b) CaOg polyhedron distorted cube and c¢) WO4
polyhedron exhibit in CaWO,4 nanoparticles.

doping concentrations. The XPD data indicate the efficient incor-
poration of rare earth ions into the CaWO,4 matrix owing to the
similarity of 1.06, 1.04, 1.02 and 1.12 A ionic radii of the Eu*, Tb>™,
Dy3* and Ca?* metal ions, respectively [39]. The ionic radii values
obeys the Vegard's law that establishes a limit of around 15% to
obtain complete solid solubility between the RE>* ions that occupy
the Ca®* site in host lattice [39]. The RE>* ions replace the Ca®*
with 8 oxygen atoms in the distorted dodecahedral sites [CaOg]
(Fig. 2b) and the tungsten ions [WO4] are coordinated to four ox-
ygens with the O—W—0 angles slightly distorted from the tetra-
hedral ones of CaWQ4 scheelite (Fig. 2c) [40].

It is noteworthy that the incorporation of RE3* ions into a
CaWOy host lattice substitute a divalent metal ion (Ca®*), charge
balancing is required. The RE3* ion replace one Ca®* ion, but the
jonic radii mismatch would make accommodation of RE3* more
difficult. Furthermore, in solution with excess of Na® (from
Na;WO0,), this ion goes into the CaWO4:RE3+ lattice since the size of
Na* (1.18 A, CN: 8) is slightly larger than that of Ca%* (1.12 A, CN: 8).
In these materials, two Ca* sites are substituted by trivalent rare
earth ion and one Na™ ion ensuring overall charge equilibrium
compensating the charge mismatch [22].

The average crystallite sizes of the CaWO4:xTb>* XxEu3* xDy>*
materials (x: 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 mol%) are 12.9,12.8,12.1,10.8,
10.7,11.5 nm, respectively (Fig. 3). The average crystallite sizes were
estimated from the diffraction data by the Scherrer formula
Dhik = 0.9%/BcosO [41]. Where Dy is the average grain size, A the X-
ray wavelength, 0 half of the Bragg angle, and f is the full width at
half maximum (FWHM) of the selected reflection. In this work, the
[112] reflection (20: 28°) was used in the calculations. In order to
correct the broadening due to the diffractometer setup from the s
was used Bz = |3§ — Blz. where the Bs and f; are the FWHM of the
material and reference (NaCl: 0.149; 31.7°; hkl: [2 O 0]), respec-
tively. The reduction in the crystallite size from 0.5 to 4.0 mol%
(Fig. 3) is mainly due to the distortion in the host CaWOy; lattice by
the dopants (i.e., RE>"), that can retard the crystal growth rate of
CaWO0, reaching a minimum when the doping concentration of
each RE3 ion is 4.0 mol% [42]. The XPD results confirm that the
coprecipitation method produced materials with high crystallinity.

The fast precipitation process of CaWO4 doped phosphors due to
the attraction of Ca®*, [WO4]?~ and RE>* ions and subsequent bond
between them can result in formation of defects, deformations, or
strains in the crystal structure [38]. The microstrain can be calcu-
lated using Equation (1): [42].

14 T T T T T
CaWo,:Tb*,Eu*,Dy**(x mol%)
4 0.1840
<
€
€13} 8 o
c
=, o, Jo1748 G
) £
N =
@ =
Dy 12 Jo.1656
= r c
7 g
- 3
O +0.1564 O
O
1+ =
n H0.1472
1 1 1 1 1
0 1 2 3 4 5

Doping concentration / mol%

Fig. 3. Crystallite size and microstrain of the CaWO,:xTb** xEu** xDy** (x: 0.5, 1.0,
2.0, 3.0, 4.0 and 5.0 mol%) materials according de doping concentration [36].
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The microstrain values of the doped materials 0.148, 0.148,
0.159, 0.175, 0177 and 0.166 (10 3lines 2> m™*) increase with
decrease of crystallite size 12.9, 12.8, 12.1, 10.8, 10.7, 11.5 nm,
respectively (Fig. 3). This effect is a consequence of the small
distortion of CaOg dodecahedra up to 4.0 mol% RE3* doping con-
centration. On the other hand, the phosphor with 5.0 mol% RE>*
doping concentration the crystallite size increases slightly and the
microstrain decreases simultaneously. Although the material with
RE3* 50 mol% has shown a smaller microstrain value
(0.166-103lines 2 m~%; 11.5 nm) this can indicate the slightly in-
crease of crystallinity of the material with this doping concentra-
tion due to reach for upper limits of the Vegard's law. In addition,
the microstrain curve profile (Fig. 3) are corroborated to those re-
ported for Gao et al. [42].

The scanning electron microscopy (SEM) and Energy-dispersive
X-ray spectroscopy (EDX) images present the morphological fea-
tures and composition of the CaWO4:Th>* Eu3* Dy>* (5.0 mol%)
phosphors (Fig. 4). The material with lower RE3* doping concen-
tration (0.5 mol%) exhibits a spherical micrometric particle with
diameter around 4 pm. In addition, the increase of RE>** doping
concentration (5.0 mol%) has shown effect on the morphological
features, disturbing the spherical shape.

The EDX mapping provides the chemical composition of the
sample containing O, Ca, Eu, Tb, Dy and W and no other impurity
can be detected. This clearly depicts the incorporation of rare earth
ions and their distribution inside the spherical structure like “ten-
nis ball form”. Combined with above XPD patterns, confirm a ho-
mogeneous incorporation of rare earths ions in the CaWO4 host
lattice.

CaWO,:Th* Eu®,Dy**
(5.0 mol%)

LEI 10.0kV x13,000

WD 8.0mm

CaWO0,:Tb*,Eu®*,Dy**

2 um

(0.5 mol%)

LEl  5.0kV x5,000 1pm WD 8.0mm

4. Photoluminescence properties

The excitation spectra of the CaWO4:Tb>* Eu>*,Dy>* (x mol%; x:
0.5—5.0) materials recorded by monitoring the emission intensity
of the °D4— ’Fs transition (at 545 nm) of Tb>* in the spectral range
from 225 to 510 nm at room temperature showing similar spectral
features (Fig. 5). It is observed absorption bands in the range of

CaWo,:Tb*,Eu*",Dy**(x mol%)

At 545 nm, 300 K

1,°6,M) “Ly(Tb) 5.0 mol%
. o)/, D, %G,(Th) =
; 558 &

44, 09}
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300 350 400 450 500
Wavelength / nm

250

Fig. 5. Excitation spectra of the CaWO,:xTb>* xEu®* xDy>* (x: 0.5, 1.0, 2.0, 3.0, 4.0 and
5.0 mol%) materials recorded at room temperature monitoring the Tb>* °D,—’Fs,
under emission at 545 nm.

Fig. 4. FESEM of an individual tennis ball-like of CaWO,:Tb**,Eu®*,Dy** (5.0 mol%) material with elemental mapping of O, Ca, W, Eu, Tb and Dy. Agglomerate of spherically shape in

lower doping concentration material.
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220—320 nm, which are assigned to the O—W (~270 nm) and
O—Eu (~310 nm) Ligand-to-Metal Charge Transfer (LMCT) states
from the excited 2p orbitals of 0>~ belong to the [WO4]>~ groups to
the empty orbitals of the WY! and Eu* ions, respectively. These
bands are overlapped with that one the 4f8—4f’5d! inter-
configurational transition of the Tb3* ion around 280 nm [43]. It is
important to mention that the LMCT and 4f%—4f75d! transitions
have broad absorption bands with high intensities because they
involve parity-allowed electronic transitions to the outer 5d
orbitals.

Excitation spectra also exhibit groups of narrow absorption
bands assigned to the 4f intraconfigurational transitions (Fig. 5)
from the ground states “Fs (Th>*) and ®Hys/2 (Dy>*) to excited states
in order of increasing energy as following (in cm™'): 20,508
"Fs—Da(Tb**), 21,159 SHys2 — “Fopa(Dy>*), 22,099 ®His2 — “his
2(Dy**), 23,339 ®Hispp — Gnja(Dy*"), 26,399 7Fe— D3, °Ge(Tb>"),
27,085 ’Fg—°Lio(Tb>"), 27824 7"Fg—°Le,°G5(Tb>*"), 28,312
"Fg— 1Dy, (Th>*), 29,308 "Fs—>Lyg (Th>*), 30,599 ®Hys;p — K5
2(Dy>*), 31,368 "Fg— >H(Tb>*), 32,852 7Fs— °Hg(Tb>*) and 35,088
"Fg— °lg, F5(Tb>") [43,44].

Usually, the 4f — 4f transitions of the rare earth ions have low
absorption and emission intensities due to their parity-forbidden
by Laporte's rules (Al = +1), but this rule is slightly relaxed due
to the mixing of opposite parity electronic configurations, produced
by the odd components of a non-centrosymmetric ligand field [45].
It is noteworthy that the relative absorption intensities between
from 4f intraconfigurational transitions and those ones arising from
other kind of transitions decrease significantly with the increasing
of the rare earth ions concentration indicating the cross relaxation
process among rare earth ions.

Interestingly, Fig. 5 shows several narrow absorption bands from
terbium and dysprosium ions when the excitation is monitored at
545 nm corresponding to the emission >D4— ’Fs transition of Tb>*
ion. These spectroscopic data indicate that the non-radiative en-
ergy transfer occur from Dy>* to Tb3* ion. On the other hand, the
narrow absorption bands arising from the 7F0—>25+1Lj transitions of
Eu" ion are absent in the excitation spectra presented in Fig. 5,
indicating than non-radiative energy transfer from Eu>* to Tb>+ ion
is not an operative process. As well known, the °Dg excited level of
the Eu>* presents lower energy than the Dy acceptor excited level
of the Tb>" ion [45,46]. Therefore, the efficient absorption by the
[WO4]* tungstate group, non-radiative energy transfer and emis-
sion by the metal ion, thus overcoming the typically very small
absorption coefficients of the RE>* jons. This optical feature makes
the rare earth ions an excellent activator for diverse applications in
photonic area.

The emission spectra of the CaWO,4:Tb>* Eu3*,Dy>* (x mol%; x:
0.5—5.0) materials were recorded at room temperature in the range
of 420—725 nm under excitation centered on narrow absorption
bands at 378 nm assigned to the “Fg— >Ds3,’Gg transitions of Tb>*
ion (Fig. 6). These emission spectra show only narrow emission
bands arising from the doping Tb>*, Dy3>* and Eu?* ions. These
emission bands are assigned to the 4f transitions from the 4F9/2
(Dy>1), °D4 (Tb**) and *Dg (Eu*) emitting states to their energy
levels corresponding to (in cm™'): 14,238 >Dg— "F4(Eu*), 15,267
SDo— "F3(Eu®*), 16,260 *Do— "Fo(Eu+), 16,886 °Do— Fi(Eu>"),
17,391 “Fop — SHy3pp(Dy*"), 18,362 5Ds— 'Fs(Tb**), 20,450
Dy —"Fg(Tb"), 20,920 *Fg; — SHys/2(Dy>").

The presence of the emission bands assigned to the doping
dysprosium, terbium and europium ions, with excitation in 378 nm
7Fg—°D3,°Gg (Tb>"), suggests clear evidence of non-radiative en-
ergy transfer from *Fgp> (Dy>)— 5Dy (Tb>*)—°Dg (Eu*) emitter
states (Fig. 7). This energy transfer process is due to the energy level
structure of these rare earth ions present their emitter levels very
close, only by a few hundred cm~! (Fig. 7). Since the Eu>* can be

T T i T T T — T
- CaWo,:Tb*, Eu*, Dy*(x mol%) .
A 378 nm

‘exc

300K |

*D,~'F(Tb)
*D;~'F,(Eu)

5.0'mol%

4.0

Normalized Intensity / Arb. Units

450 500 550 600 650 700
Wavelength / nm

Fig. 6. The emission spectra of the CaWO,:xTb>* xEu** xDy>* (x: 0.5, 1.0, 2.0, 3.0, 4.0
and 5.0 mol%) materials recorded at room temperature, with UV excitation at 378 nm.

excited through Tb3* excitation, it is possible consider that there
exists an overlapping between terbium *D4— ’Fs, °Ds— 'F4 emis-
sions and europium ’F; —°Dy, ’Fg; — ®Dg absorptions, respectively.
In addition, the more prominent emissions band at around
16,260 cm~! assigned to the rigorously forbidden electric dipole
5Do— ’F, hypersensitive transition as compared with the intensity
of the 5D0—>7F1 transition at 16,886 cm~! which is allowed by
magnetic dipole mechanism. This spectroscopic feature suggests
that the Eu>* ion is in a chemical environment without center of
symmetry. Indeed, >Dg— ’F» transition is allowed by forced electric
dipole and dynamic coupling mechanisms.

Besides, when the concentration of RE>* jons increase from 0.5
to 5.0 mol% (Fig. 6) it is observed an increasing in relative emission
intensities of the 4F9/2 — 6H13/2 and 4Fg/2 — 6H15/2 transitions of the
Dy>* ion due to a lower non-radiative energy transfer with an
increasing concentration [47—49].

Interestingly, when materials are excited in the “Fy— °Lg tran-
sition of the Eu* ion at 393 nm the emission spectra show an in-
tensity increasing of the >Dy— ’F, hypersensitive transition with
concentration from 0.5 to 5.0 mol% compared to the 4f transitions
of terbium and dysprosium ion. This result suggests that the energy
transfer process from™ Dy>* —Tb>* — Eu®* become more efficient
with the increase of doping concentration leading to higher red
color emission.

The lifetime values T (ms) were obtained from the luminescence
decay curves of CaWO4:Eu* Th3* Dy3* materials recorded under
different excitation wavelengths. The © values of the materials
(Table 1) recorded under excitation at the “Fg— °D3,’Gg (~378 nm)
transitions and emissions at the °D4 — ’F5 (545 nm) transition of the
Tb3* ion decrease from 0.865 to 0.684 ms according to the rare
earth ion doping concentration increasing from 0.5 to 4.0 mol%
(Fig. 8). This result confirms that the cross-relaxation process is
operative, except to the lifetime value of 0.731 ms for the highest
concentration (5.0 mol%), suggesting that energy migration be-
tween the RE>* ions becomes dominant, with respect to the cross-
relaxation process, in these luminescent materials [50,51].

The coordinates in the CIE (Commission Internationale
I'Eclairage) chromaticity diagram of the of CaWQ4:Th>* Eu>*,Dy>*
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Fig. 7. Partial energy level diagram of CaW0,:Th*>* Eu3*,Dy** materials presenting the transitions involved in the energy transfers (curve arrows), non-radiative decays (dashed
arrows) WO3~ — RE3*, Dy>* > Tb3*, Dy>* - Eu®* and Tb** —Eu?", as well as their simultaneous emission [41,44].

Table 1

Lifetimes values (7, ms) obtained at different excitation wavelength for the Eu*,
Tb** and Dy** ions and CIE chromaticity parameters and color correlated temper-
ature (CCT) values of the CaWO,4:xTb3* xEu?* xDy>* (x: 0.5—5.0 mol%) materials.

CaWO,:xTb** XxEu>* xDy>+  Lifetimes (ms) CIE CCT

(x mol%) bt PEt Dyt (x;y) (K)

0.5 0.865 0.715 0.333 0.377; 0414 4308
1.0 0.834 0.686 0.312 0.335; 0.372 5411
2.0 0.707 0.584 0.289 0.321; 0.373 5933
3.0 0.687 0.583 0.262 0.355; 0.392 4802
4.0 0.684 0.578 0.263 0.380; 0.406 4195
5.0 0.731 0.628 0.265 0.333; 0.352 5479

3 Th3*: hexc. = 378 NM; hemn, = 545 nm.
P Eu3*: hexe. = 393 nm; A, = 614 nm.
€ DY>*: hexe. = 385 nm; Aem, = 576 nm.

suggests that the doping materials exhibit whitish emissions colors
when doping concentrations 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 mol%,
under excitation at 378 nm corresponding to the “Fg—>Gg (Tb>*)
transition (Fig. 9) [35]. The color correlated temperature (CCT)
values (summarized in Table 1) were calculated by the following
Equation (2): [7,52].

CCT = —449n° + 352502 — 6823.3n + 5520.33 2)

where n = (X — Xe)/(y — Ve) is the reciprocal slope and Xe: 0.3320; ye:

CaWo,:Tb*"Eu®",Dy*" (x mol%)

1.0+
-M-Tb*: 2 =378 nm; A = 545 nm
-@-Eu™: 2, =393 nm; =614 nm
08l -A-Dy*: ) =3850m; %, =576nm |

Lifetig;e /' ms
o

o
IS
T
1

0 1 2 3 4 5
Doping concentration / mol%

Fig. 8. Lifetimes values of CaWO,:xTb>* xEu>* xDy>* (x: 0.5—5.0 mol%) phosphors as a
function of RE>** concentrations, under excitation and monitoring emission in the Th>",
Eu* and Dy>* ions.

0.1858 is the chromaticity epicenter. The CCT values of 4308; 5411;
5933; 4802; 4195 and 5479 K are assigned to the 0.5, 1.0, 2.0, 3.0, 4.0
and 5.0 mol% doping concentration of RE>*, respectively (Table 1).
The white light emission was mainly reached for 5.0 mol% RE>*
with x: 0.333; y: 0.352 CIE coordinates.
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CaWO,:Tb3*,Eu3*,Dy3* (x mol%)

White emission colors

- A: 0.5 mol%

EPECTRA

Fig. 9. The CIE chromatic diagram showing the coordinates for the
CaWO4:Eu* Th** Dy**; x: 0.5-5.0 mol%). The figures are photographs of the lumi-
nescent materials taken with a digital camera displaying the whitish emissions, under
UV irradiation at 378 nm.

The presence of the Tb>*, Eu>* and Dy>* ions and tungstate host
lattice provide different excitation wavelengths due to 0>~(2p)—
Eult(4f), 0> (2p)—»W"(5d) Ligand—to—Metal Charge Transfer
(LMCT) states and Tb>* 4f% — 4f75d" interconfigurational as well as
4f-4f transitions, leading to white light emission tunable levels of
chromaticity. Moreover, the doped materials were excited at 260,
378 and 393 nm, yielding to tuning of emission colors between cool
and warm white light (Figs. S2 and S3 and S4). Since warm white
light is preferred for reading, while cold white light is preferred for
public lighting the tunability of this single-phase emitting phos-
phors exhibit promising applications for solid-state lighting [53].

5. Conclusion

The triply-doped CaWO4:xTh3* xEu3* xDy>* (x mol%; x:
0.5—5.0) materials were successfully prepared by the coprecipita-
tion method at room temperature. The synthesis was carried out
under aqueous condition without the use of any catalyst, organic
solvent or surfactant. Furthermore, the crystallite sizes of the doped
materials are at around 11 nm. The phosphors with different RE3*
concentrations (RE3*: Tb, Eu and Dy) between 0.5 and 5.0 mol% for
each activator ion exhibited their characteristic excitation and
emission transitions, leading to white light emission under UV
excitation.

The non-radiative energy transfer occurs via higher energy
levels from the O—W and O—Eu LMCT states as well as the
4f8 - 4f75d! transitions to intraconfigurational 4f transitions of rare
earth ions and mainly arises from the “Fo, (Dy>*)—°Dj4
(Tb**)—°Dy, D (Eu>*) emitter levels which are very close (or in
resonance) in energies. In addition, the energy transfer process
between emitter levels from the Dy>* to Eu>* ions is also operative.
With the increasing of RE3* jons concentration (in the range
0.5—5.0 mol%) the color changes gradually and has contribution
from near whitish blue to warm white. Meanwhile, the CCT values
of the prepared phosphors were also varied and the emission color
was tuned from cool white (5479 K) to warm white (4308 K). These
phosphors could be suitable as triply-doped white light emitters
with only single-phased for solid state lighting applications.
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