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ABSTRACT

CaWO,:xEu?*yTm>* crystals were obtained by facile synthesis at low temperature by the microwave-
assisted hydrothermal method (MAH). The phase formation, morphology, luminescent properties and
energy transfer were investigated. The X-ray diffraction (XRD) results show the formation of a scheelite-
like tetragonal structure without the presence of secondary phases. The growth mechanism of hierar-
chical microstructures based on self-assembly and Ostwald-ripening processes was evaluated, obtaining
different types of morphologies. The luminescence spectra of CaWO4:Eu>t,Tm>* at 325 nm excitation
show the predominance of red emission at the °Dg — ’F, (Eu®*) transition at 624 nm. This feature signals
dominant behavior of the electric dipole type. The presence of Tm>™ is notably evident in the absorption
spectra by the related excitation transitions: 3Hg — 'Ga, Hg — 3F3 and >Hg — 3Ha. Color parameters are
discussed to characterize CaWO4:Eu3* Tm3* emission. The study of the emission spectrum as a function
of the concentration of Eu** (x mol%) and Tm>* (y mol%) indicates that the CaWO4:Eu>* Tm3* phosphors
show stronger red emission intensity and exhibit the CIE value of x = 0.63 and y = 0.35. The photo-
luminescence results show 97% high color purity for CaW04:4 mol%Eu>", a high CRI (92%) and a low CCT
of 1085 K. These results demonstrate that the CaWO4:Eu*Tm>* red phosphors are promising as color

converters for application in white light-emitting diodes and display devices.
© 2021 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.

1. Introduction

The advancement in the production of efficient white light in the
use of lighting, which meets the desirable photometric parameters, is
a constant search for the solid state lighting industry. One of the first
commercial WLEDs to be synthesized was composed of a blue LED
chip with yellow phosphor Y3Al5012:Ce3*.? The operational limi-
tation of this material was its low color rendering index (CRI) due to
the absence of red phosphorus. To reverse this difficulty, the most
promising method to achieve high-quality WLEDs is the combina-
tion of red, blue and green phosphors with near-ultraviolet (NUV)
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LED chips or blue LED chips.>* However, this new phosphor profile
requires a red component of high color purity.”

The development of red phosphor is of fundamental importance
for application in the constitution of WLEDs ensuring its quality. For
this reason, several matrices have been produced to meet this de-
mand. Guo et al.® observed an energy transfer from Sm>* to Eu* of
BasBi(PO4)3 with good thermal stability and a high color purity of
88.9%. Huan et al.” improved the photoluminescent properties of
KBaLu(MoO,); by increasing the concentration of Eu*. Zheng
et al.® produced NaBaBOs;:Sm>* by the solid state reaction and
compared to commercial yellow phosphor YAG:Ce3* obtained a
higher level of color purity.

Included in this context, the family of metal tungstates (AWOQg,
A = Pb, Zn, Ca, Ba, Sr) has shown satisfactory results as potential
candidates for these technological applications due to their optical
properties. Tungstates have broad and intense absorption bands
ensuring the charge transfer of oxygen (0%~) to metal (W®") in the
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UV and visible region.” The NUV chip with excitable phosphors
therefore is another attractive combination for white light gener-
ation. Rare earths doped tungstates phosphor is a good candidate
for NUV white LED owing to its good photoluminescence properties
and chemical-physical stabilities.

In particular, CaWO4 demonstrates excellent performance as a
rare earth ion host matrix for photoluminescence studies because
of its physico-chemical properties.'° CaWO,4 can be doped and
activated with NUV-blue light-absorbing ions for applications in
WLEDs due to the efficient energy transfer of RE>* (rare earth) from
tetragonal tungstate groups [WO,] to the activator ions.'" The
increased efficiency and observed changes in the spectral emission
range of PL can be verified from the control of CaWOQy, particle size
and shape. In addition to morphological aspects, the presence of
dopants in the host matrix crystal lattice can significantly influence
the electronic band structures.'?

The control of particle morphologies is a factor that greatly in-
fluences the photoluminescent behavior of the material. The
growth of the crystal can be carried out with the objective of
obtaining a final desirable morphology based on protocols adopted
in the experimental conditions (precursor reagents, surfactants, pH,
synthesis time and temperature). This control in morphology may
be associated with some properties of interest that are more
evident in a given direction or face of the crystal."> According to
Lee,'* hierarchical structures consist of higher dimensional ar-
rangements formed by smaller construction units with small size
(that is, nanoparticles, nanoblasts). These new materials that have
hierarchical structures present new characteristics as a result of the
union of the crystal forming units.'”

As a consequence of the low levels exhibited by commercial red
phosphor compared to blue and green phosphors, and because the
red emitting components have greater effects on the photo-
luminescent properties for WLEDs, the present work aimed to
investigate the photoluminescent behavior of CaWQ,4 associated
with the effects of dopants Tm>* and Eu* in terms of color quality
parameters. The CaWO4:Eu®*Tm>* crystal growth proposal is
presented and discussed, showing the evolution of the morphol-
ogies based on the self-assembly and Ostwald-ripening (OR)
processes.

2. Experimental
2.1. Materials

Sodium tungsten oxide dihydrate (Na,WOg4-2H,0, 95%, Alfa
Aesar), calcium nitrate (Ca(NOs),-4H,0, 99%, Alfa Aesar), europium
oxide (Euy03, 99%, Aldrich), thulium oxide (Tmy03, 99%, Aldrich),
nitric acid (HNO3) (Synth), ammonium hydroxide (NH4OH) (Synth)
and distilled water were used as received for the preparation of the
CaWO, and CaWO4:Eu+ Tm>" particles.

2.2. Preparation of CaWO:Eu**,Tm>* particles

Initially, the Tm03 and Eu,03 oxides were dissolved separately
in 10 mL of nitric acid to obtain their respective nitrate. This
element is insoluble in the reaction medium once in the oxide form.
Two precursor solutions were prepared for the synthesis of the
CaWO0,4 and CaWO4:xEu*t yTm3+ (x:y = 4:0, 3:1, 2:2, 1:3 in molar
ratio) particles: one of tungsten (solution A) and the other of cal-
cium (solution B), with a molar ratio of 1:1. The starting reagent was
dissolved in 40 mL of distilled water for both solutions. Solution B
was added to the solution by dripping it and under constant
magnetic stirring. Then the dopants were added one at a time.
Finally, NH4OH was added to the solution to stabilize its pH at 7 for
observing the formation of the precipitate. The mixture was
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transferred into a Teflon autoclave which was sealed and placed
into a microwave hydrothermal system (2.45 GHz, maximum po-
wer of 800 W). Microwave hydrothermal conditions were kept at
140 °C for 30 min using a heating rate fixed at 25 °C/min. The
pressure in the autoclave was stabilized at 3.0 x 10° Pa. After the
microwave-hydrothermal treatment, the autoclave was cooled to
room temperature. The resulting solution was washed with de-
ionized water several times and the white precipitates were
finally collected. Using the same experimental conditions, the ob-
tained powders were dried in a conventional furnace at 100 °C for
24 h.

2.3. Characterizations

The CaWO, and CaWO4:Eu* Tm3* particles were structurally
characterized by X-ray diffraction (XRD) using a Shimadzu XRD
7000 instrument with Cu Ka radiation (4 = 0.15406 nm) in the 26
range from 10° to 80° at a scanning rate of 0.02 s~ L Raman spec-
troscopy measurements were recorded using a T-64000 spec-
trometer (Jobin-Yvon, France) triple monochromator coupled to a
CCD detector. The spectra were performed using a 514.5 nm
wavelength of an argon ion laser, keeping its maximum output
power at 8 mW. The morphologies were investigated using field-
emission gun scanning electron microscopy (FEG-SEM; Carl Zeiss,
Supra 35-VP Model, Germany) operated at 6 kV. The UV—Vis diffuse
reflectance spectrum was measured at room temperature using a
UV—Vis spectrometer. The photoluminescence (PL) spectra were
acquired with an Ash Monospec 27 monochromator (Thermal Jar-
rel, US.A.) and a R4446 photomultiplier (Hamamatsu Photonics,
U.S.A.). The 325 nm beam of a krypton ion laser (Coherent Innova
90 K) was used as the excitation source while its maximum output
power was kept at 200 mW. All measurements were performed at
room temperature.

3. Results and discussion
3.1. XRD analyses

Fig. 1 shows the XRD patterns of CaWO, and CaWO4:Eu*+ Tm3+
series synthesized by the microwave assisted hydrothermal (MAH)
method. All diffraction peaks are well indexed to the CaWO4
tetragonal structure based on the JCPDS card No. 85—0443 (space
group: I41/a). It was found that there is no secondary phase peak in
the samples. The concentration of dopants did not cause significant
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Fig. 1. XRD patterns of samples CaWO, (1), CaWO4:4 mol%Eu>* (2), CaW0,:3 mol%
Eut,1 mol%Tm3* (3), CaW04:2 mol%Eu>*,2 mol%Tm>* (4), CaWO4:1 mol%Eu*,3 mol%
Tm>3* (5) and displacement and enlargement of the plane (112) by the effect of doping.
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changes in the CaWO,4 matrix, because the ionic rays of Eu®*
(0.108 nm) and Tm>* (0.105 nm) presented very close values to the
jonic radius of Ca%* (0.112 nm). The introduction of dopants widens
the full width at half maximum (FWHM) of the plane (112) by
28.74°, which increases from 0.166° (CaWO4) to 0.280° (CaWO04:4
mol%Eu>t) as shown in the detail of Fig. 1. Eu3* (Tm?*) is intro-
duced at the Ca site of the CaWO4 matrix as indicated in the
Kroger—Vink reactions (1) and (2):

CaWO, +Eu** —Eug, + V& +40% + Caf, (1)

CaWO0, + Tm3" > Tm¢, + V& + 408 + Ca, (2)

Due to the Ca®>* — Eu®* (Tm>*) substitution, the emergence of
calcium vacancies (V%j) occurs as a mechanism to neutralize the
compound charge.

3.2. Rietveld refinement analyses

The CaWO, (and CaWO4:Eu®",Tm>*) structure parameters, unit
cell volume, bond length and bond angles were obtained and
calculated by the Rietveld refinement method using the GSAS
(General Structure Analysis System) program'® with graphical
interface EXPGUIL Rietveld refinement graphs in Fig. S1 and all data
on structural refinement in Table S1 are presented in the supple-
mentary material.

The values of the lattice parameters and the unit cell volume are
consistent with the values found in the literature.”” The slight
variations in values are associated with the substitution of Ca®* by
Eu?*/Tm>" ions due to the difference in their electronic densities (r
(Ca®*)=0.112 nmvs.r (Eu**) = 0.108 nm and r (Tm>*) = 0.105 nm).
Synthesis conditions such as temperature, processing time, heating
rate, solvents, pH, chemical precursors interfere with the organi-
zation of clusters [CaOg], [EuOg], [TmOg] and [WOg4] within the
scheelite structure. These distortions may result in the emergence
of structural defects (oxygen vacancies, bond distortion, stresses
and deformation in the crystal lattice) in materials.'® Atomic posi-
tions from the Rietveld refinement are listed in Table S2 in the
supplementary material.

3.3. FT-Raman spectra analyses

Fig. 2 shows the Raman spectra for CaWOs and
CaWO4:Eu>+ Tm?* series synthesized by the MAH method.
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Fig. 2. Raman spectra of CaWOy (1), CaWO,:4 mol%Eu* (2), CaWO0,:3 mol%Eu*,1 mol
%Tm>* (3), CaW04:2 mol%Eu>*,2 mol%Tm>* (4) and CaW0,4:1 mol%Eu>*,3 mol%Tm>*
(5).
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According to the study of group theory, there are four vibration
modes for ideal symmetry Ty regarding the scheelite structure as
represented by Eq. (3):

I'=A(v1) +E(v2) + F2(v3) + F2(v4) (3)

Each mode is associated with a specific type of vibration that
occurs at the bonds between atoms. Vibration A;(rq) is the sym-
metrical elongation mode, F,(v3) is the antisymmetrical elongation
mode and vibrations E(v,) and F,(v4) are flexion modes. Because
the smaller symmetry of the CaWO4 factor groups and the tetra-
hedral point groups are not ideal, the E(v;) mode is doubly
degenerate and the F,(v4) vibrations are triple degenerate, pro-
ducing 26 vibrations'® as represented by Eq. (4):

I'=3Ag + 5Ay + 5B + 3By + 5Bg + 5Ey (4)

According to the results presented in Fig. 2, it is possible to
identify bands referring to [WO4] Raman active internal modes, as
represented by: v4 (Bg), v4 (Eg), v3 (Eg), v3 (Bg), 1 (Ag) and the bands
associated with external modes are characterized by: T — (ZBg).20
Table S3 in the supplementary material records the normal
modes of Raman vibration found in this work compared to the
results obtained in other studies in the literature.

The active Raman modes are very characteristic and well
defined, so that the CaWO4 and CaWO4:Eu®"Tm>* particles ob-
tained by the MAH method are well ordered structurally. According
to Gracia et al.,'” the indicator of distortion around [WO4] is caused
by the vibration Ag resulting from the Davydov splitting of the (A1)
11 free tetrahedral anion.

3.4. FEG-SEM images analyses

Fig. 3 shows the FEG-SEM images of the CaWO4 and
CaWO4:Eu* Tm>3" series particles obtained by the MAH method.
Based on FEG-SEM images it is possible to understand the evolution
and growth mechanism of these crystals.

Fig. 3 shows the different morphologies for CaWO4 and
CaWO4:Eu* Tm3* crystals. Fig. 3(a) represents the morphology of
CaWO0y, in which the predominance of microspheres formed by
small particles is verified. The microspheres vary in diameter size
from 3.20 to 5 pm. Fig. 3(b—f) refer to the CaWO4:Eu®*,Tm>* series.
Fig. 3(b) shows dumbbell-like particle with a 4.15 um length and a
1.50 um diameter. The high resolution image shows that the crys-
tals are made up of a smaller particle set. These particles are highly
oriented and associated with each other allowing for a recognizable
final shape. The self-assembly process of the smaller particles en-
ables anisotropic growth of CaW04:Eu>*,Tm>* crystals.?! At a later
stage, crystal growth can be governed by the Ostwald-Ripening
(OR) process.”?> The precipitated crystals undergo an evolution
through the OR process, which corresponds to the mass transfer of
the smaller crystals to the larger crystals, causing an increase in the
average crystal size. The main driving force for the OR process is the
minimization of surface energy.?> This effect is perfectly correlated
with the more stable morphological characteristics of the crystals,
observing the temperature, pressure and pH conditions that were
submitted. Fig. 3(c) presents a double broccoli-like form, identi-
fying the growth process of the particles. The ends of the dumbbells
grow expressively, signaling that the growth occurs faster in these
places, causing both ends to lean towards each other. Fig. 3(d)
shows microspherical type morphology. This morphology is the
result of a self-assembly process formed by numerous sub-
microdumbbells.”* The submicrodumbbells are partially assembled
in clusters, the formed clusters participate in the growth of crystals
by OR reaching spherical superstructures. The micro-axes continue
to be mounted in spherical clusters and the typical 3D
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Fig. 3. FEG-SEM images of CaWO, (a), CaW04:4 mol%Eu>* (b, c), CaW04:3 mol%Eu>*,1 mol%Tm>* (d, e) and CaW0,:2 mol% Eu>*,2 mol%Tm>* (f).

microspherical structure is formed, as shown in Fig. 3(d). The for-
mation of the CaWO4:Eu*,Tm3* microspheres is obtained by a
self-assembly process that generates an isotropic growth of the
crystals.?” Fig. 3(e) shows the union of two dumbbells connected by
the central region, verifying a radial growth in the ends of the
dumbbells. With growth, new self-assembly tips emerge from the
structure and each petal is joined by a center, gaining a microflower
morphology as shown in Fig. 3(f). The growth of these petals
happens at a later stage due to the OR process. In short, it is
reasonable to consider that the self assembly and OR processes
contributed to forming the different types of CaWO4:Eu®* Tm>*
morphologies.

A schematic illustration for the CaWO4Eu** Tm3* crystal
growth proposal is shown in Fig. 4. A strong force of attraction
occurs between ions due to the difference in electron density be-
tween Ca®*™ (Tm3*/Eu*) and [WO4]%>~ ions, which results in the
formation of primary nuclei.?® The increased precipitation rate
causes the aggregation process of numerous small nuclei. The self-
assembly mechanism occurs from these cores due to the particular
conditions employed in the synthesis of the material, such as: pH,
temperature, pressure and aqueous solvent used. Particle growth
then occurs from a preferential direction at a later stage repre-
sented by anisotropic behavior. In a subsequent moment, these
oriented particles come together and appear to have a dumbbell

o...:-

Ca® / Eu**/ Tm* solution
+
WO,* solution
crystal nuclei

S L

Hierarchical double
broccoli-like shape

L

Hierarchical v
microflower-like shape

Microsphere shape

Fig. 4. lllustrative scheme of particle growth and formation of different hierarchical
morphologies.
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aspect with more pronounced growth of the ends of the particles.
Growth is then governed by the OR process in the resulting stages,
so it is possible to observe double broccoli-like, microsphere and
microflower morphologies, as shown in the representative scheme
of Fig. 4.

The OR process is governed by thermodynamic foundations
which justify the deposition of smaller crystals into larger crystals
because the smaller crystals have lower energy stability, favoring
the growth of larger crystals.”” Gongalves et al.?® stated that
CaWO4:Eu* crystals have a predominantly anisotropic growth
behavior, but with increasing amount of Eu>* they have a tendency
for isotropic growth. According to the authors, unidirectional
growth is attributed to different interaction rates between crystal
surfaces, leading to a mechanism of continuous growth on a spe-
cific surface.?®

Fig. S2 in the supplementary material shows the chemical
composition of CaW04:2 mol%Eu>*2 mol%Tm>* performed by
dispersive energy X-ray spectroscopy (EDS).

3.5. UV-Vis diffuse reflectance spectroscopy analyses

CaWO4:Eu* Tm3* UV—Vis reflectance spectra are shown in
Fig. S3 in the supplementary material. According to the results, all
samples had photoabsorption properties in the range of
200—450 nm. According to Abraham et al.>° and based on the
functional theory of density, the upper part of the valence band on
the tungstate scheelite and wolframite structures mainly consists of
the 0%~ (2p) states and the conduction band is dominated by the
W8+ (5 d) states.

Diffuse reflectance spectra transformed into absorption spectra
by the Kubelka—Munk method (5) are shown in Fig. S4 in the
supplementary material.

(1-R)?

“="3R

(5)
where « is the absorption coefficient and R is the reflectivity. From
this relationship it is possible to estimate the gap band interval
between the powdery diffuse reflection spectra.’’ It is then possible
to determine the gap energy from the Tauc ratio according to Eq.
(6):

a«(hv—Eg)n (6)
where E; is the gap energy, hv photon energy and n an index that
assumes different values according to the nature of the electronic
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transition responsible for reflection (n = % for direct allowed
transitions, n = 2 for indirect allowed transitions, n = 3/2 for direct
prohibited transitions and n = 3 for indirect prohibited transitions).
According to the theoretical calculations reported in the litera-
ture,®> CaWO, microcrystals exhibit an optical absorption spectrum
governed by direct electronic transitions. From the extrapolation of
the line in the linear region in the curves of Fig. S4, the gap energy
values for CaWO, and CaWO4:Eu®", Tm3" were estimated, and the
values found are between 3.20 and 4.14 eV. These values are below
those found in other works.!?!822

3.6. Photoluminescence properties

Fig. 5(a, b) represent the photoluminescence emission spectra of
CaWO0,4 and CaWO4:Eu*t,Tm>* obtained by the MAH method. The
samples were excited by a 325 nm wavelength laser at room tem-
perature. The CaWO4 spectrum in Fig. 5(a) has a broad emission
range of 368—738 nm centered at around 515 nm. This broadband
spectrum characteristic is correlated to the transfer transitions
between clusters [WO3] and [WO4],>® which occur at energy levels
close to the valence and conduction bands, this configuration oc-
curs in the bluish green region. The multiphonic or multilevel
process involves the participation of numerous energy states
within the band interval.>®

According to the theoretical study by Orhana et al.,>* the load
difference between the WO4 and WOj5 is 0.43e. Due to this polari-
zation, the appearance of holes and trapped electrons is promoted,
causing photoluminescence at room temperature as metallic
tungstates (AMOg4). The coexistence of localized levels and this
charge gradient creates favorable conditions for the self-trapping of
excitons before the emission of luminescence photons.>* In such
way the charge transfer between the W04 and WOj5 clusters is
related to the existence of ordered and disordered clusters in the
microstructure, responsible for the emission of photoluminescence.
Patil et al.>® reported the transitions present in CaWOj in their
study of BaWO4/CaWO,4 nanocomposite. The configuration of the
electron in the (WO4)>~ ground state with Tq symmetry was per-
formed using molecular orbital calculations.>® Lower excited states
are 'Ty, 'Ty, 3Ty, 3T;. Radiative transitions occur from 3T, and 3Ty
states. The fundamental absorption edge of CaWOQy is due to 1A1 —
IT,, ITy transitions. Maheshwary et al.>” attributed the PL emission
of SrW04:Eu3+ to the presence of defects in the band interval,
which favor electronic transitions within localized energy levels.

Journal of Rare Earths 40 (2022) 226—233

The red emission of SrWO4:Eu3+ was correlated to distortions in
short and long distances and in tetrahedrons [WO4]*~ due to the
different angles between O—W-0.

In Fig. 5(b), CaWO4:Eu*,Tm3* shows a group of Eu3* emission
lines showing f—f type electronic transitions: >°Dg — 7F] (J=0,1,2,3
and 4) located respectively at 544, 601, 624, 660 and 708 nm.>®
Tm>* transitions are not visible in the PL emission spectra, how-
ever the presence of Tm>* in CaWOj is confirmed by the results
presented in the chemical analysis by dispersive energy X-ray
spectroscopy (Fig. S2) and in the reflectance spectra UV—Vis
(Fig. S3) which exhibit Tm>*transitions. The excitation wave-
length is also important for what the transitions of the lanthanide
jons appeared clearly. According to the studies,’® they observed
that the Tm>* transitions are favored when excited at a longer
wavelength.

From the PL spectra in Fig. 5(b), it is observed that the energy
transfer between [WO4]*~ to the activating ion Eu>* occurs suc-
cessfully. It is observed that matrix interference only occurs in the
CaWO04:4 mol%Eu>" sample due to the presence of a wide band
between 475 and 725 nm which are in turn due to the structural
defects and distortion of CawO,4. Many Eut doped scheelite-
related phosphors have also been extensively studied and
revealed a non-radiative mechanism for the energy transfer to the
activating ion.* The introduction of Eu>* ions into the CaWOy,
structure significantly alters the behavior of luminescence spectra
due to the formation of emission centers which generate a specific
red light when excited under UV light.*! Tungstates doped with
rare earth ions have special properties due to [WO4]*~ groups, such
as: high chemical stability, high absorption coefficient and high
average refractive index, which signals an efficient transfer of en-
ergy from the host matrix of tungstates for the localized states of
the doping ions and, therefore, results in greater emission.>’ Ac-
cording to Zhang et al.** the spectral overlap of absorption be-
tween donor [WO4]*~, and acceptor ions (Pr>*/Tm>") is necessary
for energy transfer to occur.

Fig. 5(b) shows that the increase of Eu>** concentration favored
the luminescent intensity more significantly in the °Dg — ’F, band.
Related to each spectrum, they present digital photos of the
emission of CaWO4:Eu®*,Tm>*, showing a tendency of emission
from orange to red with the increase of Eu>* content. The transition
Do — ’F, (624 nm) is predominant from the others, as this
behavior indicates that the electric dipole is dominant and that the
transition is hypersensitive to the changes that occur around the
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Fig. 5. (a) CaWO, emission spectrum; (b) CaW04:4 mol%Eu®* (2), CaW0,:3 mol%Eu>*,1 mol%Tm>* (3), CaW04:2 mol%Eu>+,2 mol%Tm3* (4), CaW0y4:1 mol%Eu®*,3 mol%Tm>* (5)

emission spectra; (c) Representation of CIE coordinates in the chromaticity diagram.
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Eu*. This ability of the Eu>* self-assembly makes it known as a
spectroscopic probe capable of recording distortions present in the
structure.” This sensitivity is strongly signaled by the emission in-
tensity of this transition, which corresponds to the symmetry of the
host lattice. When Eu3* is located in a low symmetry location, the
electric dipole °Dy — ’F, dominates, while the magnetic dipole
transition °Dg — ’F; corresponds to a reverse centrosymmetry
location, according to the Judd-Ofelt theory.*> The luminance in-
tensity ratio between >Dy — ’F, (I) and °Dg — ’Fy (I;) is known as
symmetry ratio (R): R = I("F»)/I1("F;) reveals the distortion degree
of the inversion symmetry of the local environment in the vicinity
of Eu* in the host matrix. The R values were calculated and are
recorded in Table 1 in the supplementary material. Intensities I,
and I are defined as the area below the curve for the respective
transitions in order to perform the calculation.

According to the R values found, it is verified that the increase of
Eu>" concentration favors the electrical behavior, which indicates a
greater asymmetry around the Eu* ions in CaWO4:Eu+ Tm>+. Ca
vacancy (V2!) motivated by the substitution of Ca®* by Eu®*/Tm>*
induces a low symmetry due to lattice distortions, which favors the
increase of luminescence.

The chromaticity coordinates according to the “Commission
Internationale de L'Eclairage” (CIE) were calculated for CaWO4 and
CaWO4:Eu+ Tm>* series and are illustrated in the CIE diagram in
Fig. 5(c). Other color characterization parameters such as color
reproducibility index (CRI), color purity, correlated color tempera-
ture (CCT) are listed in Table 1.

The energy level diagrams of the (WO4)?~ group, Tm>* and Eu>*
ions and the probable energy transfer process (ET) are shown in
Fig. 6. From the excitation of 325 nm UV light, electrons from the
(WO4)%>~ group absorb energy and move to the conduction band.
Part of this energy is transferred to the Tm>* ions at the 'D, level.
The absence of transitions related to Tm>* is verified in the emis-
sion spectra, it is reasonable to consider that Tm>* ions transfer
directly from their energy to the D, state of Eu* represented by
the ET1 process. Rao et al.** observed that the energy between
Tm>* ('D,) and Eu?* (1D,) in Sr2Gdg(Si04)s0- has been successfully
transferred, improving the performance of white light emission.
According to Santiago,”> Tm>* jons are classified as sensitizers
because they have higher levels of energy absorption, being able to
transfer the absorbed energy to activating ions. In another study
Santiago et al.*® affirmed the transfer of energy due to the spectral
overlap of absorption and optical emission between donor ions
(Tm>*) and activators (Pr>*). ET2 occurs through the direct

Conduction band

(S
W ‘\\ \0%
7 S N\
> 'D
< CBT
~ D,
5 -
> H .
_l_'—,
= |8 g - D,
> °F, ’
o0 len ’ ',
oM Ksal SH i
i ) s
3Hs 5
4
F, 5
3H6 3 (l)
o* Valence band

Fig. 6. Energy level diagrams of (W0,4)>~ group,Tm>* ion, and Eu* ion and ET process.
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migration of the energy from the (W0,4)?>~ group to the high-level
excited state of the Eu®* ion,*” which is observed by the photo-
luminescent properties in Fig. 5 (b).

The purity degree of the color was evaluated, verifying that the
increase in the Eu>* concentration promotes a growth in the purity
perggntage of the red color. Color purity was calculated from Eq.
(7

Vx—x2+ ¢ -y
\/(Xd —x)*+ Va —¥i)°

> x 100% (7)

Color purity = <

where (x, y) are the sample point coordinates, (x4, yq) the dominant
wavelength coordinates (Agm) and (x;, y;) the white light co-
ordinates in the diagram. The dominant wavelength of each sample
is recorded in Table 1. In the present study (xq, yq4) = (0.37,0.63) and
(xi, yi) = (0.3101, 0.3162). CaWO4:Eu>* Tm>* experiences a decrease
in color purity with increasing Eu>* concentration. The CaWO,:4
mol%Eu>* sample features a maximum color purity of 97%. The
color purity of CaWO4:Eu?*,Tm>3* is much greater than that of other
reported red matches. Given this result, it is reasonable to consider
that CaWO,4:Eu3*, Tm>3+ has great potential for use as a red-emitting
material excited by UV light.

The characteristics presented by the LEDs can vary significantly,
bringing several consequences, including the aspect of the quality
of color reproduction. CRI is a method of measuring how closely the
colors of objects are reproduced when illuminated by a particular
light source. According to the estimated CRI for CaWO4 and
CaWO4:Eu?*,Tm3* series in Table 1, CaWO4:3 mol%Eu>",1 mol%
Tm>* performed the best, recording 92% CRI. This result means an
excellent color reproduction index very close to the incandescent
lamp that is taken as reference, therefore considered with
CRI = 100%.

The luminous efficiency of radiation (LER) of the samples was
also investigated. The results revealed high LER values (316 Im/W),
a characteristic desired for use in WLEDs. The ratio of the emitted
luminous flux in lumen and the power used in watts describes LER.
LER is a measure expressed in lumens per visible watts used to
estimate how brightly the radiation is perceived to be by the
average human eye. LER is determined by the spectral distribution
S(A) of the source, as given by Eq. (8):

830

Km J

_ 360
LER = 330
LGO

where V(1) = eye sensitivity curve and Km = 683 (Im/W), which is
the highest possible efficiency that can ever be obtained from a
light source.*? LER decreases as the concentration of Eu>* increases,
that is, when the emission band changes to red. This is caused by a

smaller overlapping of the emission spectra with the human eye
sensitivity curve.’®

V()S(h)dA

(8)
S()da

4. Conclusions

CaWO4:Eu* Tm3* was successfully synthesized by the MAH
method. CaWO4:Eu>*,Tm3* showing an evolution in the mor-
phologies presented as dopants are introduced. A crystal growth
mechanism consisting of the self-assembly and Ostwald-ripening
steps for crystal formation were proposed for better understand-
ing. The absorption property occurs in the 200—450 nm band due
to the charge transfer process from ligand (0%") to metal (W%*)
(LMCT) in conjunction with Tm3* related electronic excitation
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Table 1
Symmetry ratio (R): R = I(’F,)/I;("F1), CIE coordinates, CRI?, color purity, CCT®, LER® and color with varying Eu>* and Tm>* concentrations.
Code Samples R CIE (x,¥) CRI (%) Color purity (%) Adm (nm) CCT (K) LER (Im/W) Color
I CaWO0, — (0.29,0.37) 73 14 505 7226 309 Bluish green
Il CaWO04:4 mol%Eu 5.17 (0.63, 0.35) 92 97 605 1085 259 Red
11 CaWO04:3 mol%Eu,1 mol%Tm 2.36 (0.52, 0.43) 84 92 590 2066 285 Yellowish
Orange
v CaWO04:2 mol%Eu,2 mol%Tm 3.72 (0.56, 0.37) 76 83 597 1525 279 Reddish
Orange
\% CaWO4:1 mol%Eu,3 mol%Tm 0.31 (0.45, 0.38) 68 52 585 2502 316 Orange
2 Color reprducibility index.
b Correlated color temperature.
¢ Luminous eficiency of radiation.
transitions at: 3[—[6 — 1(‘,4 (393 nm), 3[—[6 — 3F3 (687 nm) and 3]—[6 9. Wang CY, Gu CT, Zeng T, Zhang QQ, Luo XP. Bi;WOg doped with rare earth ions:

—3H,4 (795 nm), and Eu?* at: 'Fg — °Lg (396 nm), 'Fg — °D»
(467 nm), "Fy — °D; (536 nm). The gap energy was estimated to be
between 3.20 and 4.14 eV, the observed reduction is associated
with the substitution of Ca** — Eu®*/Tm3", inducing defects and
distortions that modify the CaWO4 electronic structure. The emis-
sion spectra clearly display the 2Dy — 7FJ transitions J =0, 1, 2, 3
and 4) which are characteristic of Eu>*. The maximum intensity of
the 2Dy — ’F, transition indicates the electric character domain,
that is a hypersensitive transition to distortions around the Eu>*
jon. As the Eu®" concentration increases, the displayed color
gradually changes from orange to red. CaWO4:4 mol%Eu>* exhibits
avery high purity (97%), very close to pure red. Based on the results
shown in this paper, CaWO4:Eu®>*, Tm** may be a promising red
phosphor for white LEDs under UV excitation.
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