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Abstract

The family of rare-earth doped phosphors has drawn pronounced attention in technological of fingerprint visualization, anti-
counterfeiting, and phosphor-converted light-emitting diodes applications. A series of NaSrGd,,_,_,)Eu,Dy (WO,); powder
luminescent materials were synthesized by a solid-state reaction. The emission color of NaSer(WO4)3:Dy3+ phosphor could
be tunned via changing concentrations of Eu** ion. In addition, the phosphors exhibit narrow red-light emission at 610 nm
caused by the electric dipole transition °D,— 'F, of Eu**. Especially, the phosphor exhibits superior thermal stability, its
emission intensity of optimum sample remained + 15% over the temperature range from 233 to 393 K. The Commission Inter-
national de I’Eclairage (CIE) chromaticity coordinates of x=0.4 are (0.6388, 0.3371) with a high color purity (92.84%). More
importantly, prepared color-changing device of phosphors achieves a high level of optical safety. The results demonstrate that
their materials can be potentially applied to the field of white light-emitting diodes (LEDs) and optical anti-counterfeiting.
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1 Introduction

LEDs with excellent luminous performance and environ-
mentally friendly characteristics possess a broad range of
application prospects in diverse fields, for example, urban
renewal, rural ecological enhancement, intelligent manu-
facturing, smart lighting, safety production, and emergency
management [1-5]. Significant research efforts are being
focused on enhancing various aspects of LED devices for the
development of next-generation white LEDs, which include
improving color rendering performance, luminous intensity,
service life, and thermal stability while maintaining cost-
effectiveness [3-5].

In the realm of white-LED applications, blue and green
phosphors have reached a more advanced stage compared
to red phosphors [6-9]. The latter, with their higher lumi-
nous efficiency, superior color temperature, and color ren-
dering performance, still require significant exploration and
improvement. The extensive use of white LEDs with tricolor
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phosphors, particularly those excited by near-ultraviolet
light, necessitates the research and development of red phos-
phors with enhanced luminescence properties. An optimal
red phosphor should efficiently capture light energy in the
near-ultraviolet region and emit pure red light. Additionally,
it should be made from inexpensive raw materials, have an
appropriate sintering temperature, and exhibit excellent ther-
mal stability [7, 8]. In particular, the large-scale deployment
of white LEDs with tricolor phosphors, especially those
excited by near-ultraviolet light, underscores the urgency to
study and develop red phosphors with better luminescence
performance. These red phosphors should exhibit a strong
ability to capture light energy in the near-ultraviolet region
and emit pure red light. Moreover, they should also utilize
affordable raw materials, possess a suitable sintering tem-
perature, and display good thermal stability [6-9].

The rare-earth Eu’* ions, with their characteristic emis-
sion peak at~610 nm due to the °Dy— 'F, transition, exhibit
red light [10-15]. Their good chemical stability and excel-
lent luminescence performance make them ideal as lumi-
nescent centers for white LED red phosphors [2, 13]. On the
other hand, the tungstate compound, with its (WO,)*~ group,
can effectively absorb blue-violet light [11, 16—19]. It also
exhibits a strong and wide charge transfer band (CTB) in
the near-ultraviolet region around 200-300 nm, indicating
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high absorption and transfer efficiency to near-ultraviolet
(NUV) excitation light, which benefits the luminous inten-
sity of fluorescent materials. Therefore, the advantages of
structural stability and eco-friendliness make tungstate a
suitable matrix material for matching near-ultraviolet light
chips. When Eu** ions are combined with a tungstate matrix,
the resulting doped materials can enhance the efficiency of
the D, — 'F, transitions of the Eu*" ions, resulting in a
dominant red light with high color purity [11, 19].

Along this way, a series of NaSrGd;_,_,,Eu,Dy (WO,),
powder luminescent materials were synthesized by
a solid-state reaction [20, 21]. The emission color of
NaSer(WO4)3:Dy3+ phosphor could be tunned via chang-
ing concentrations of Eu** ion. In addition, the phosphors
exhibit narrow red-light emission at 610 nm caused by the
electric dipole transition °Dy— 'F, of Eu**. Especially,
the phosphor exhibits superior thermal stability, its emis-
sion intensity of optimum sample remained + 15% over
the temperature range from 233 to 393 K. The Commis-
sion International de I’Eclairage (CIE) chromaticity coor-
dinates of x=0.4 are (0.6388, 0.3371) with a high color
purity (92.84%). More importantly, prepared color-changing
device of phosphors achieves a high level of optical safety.
Therefore, the Eu**-activated NaSrGd(WO,); phosphor is a
promising material for white light-emitting diodes (LEDs)
and optical anti-counterfeiting applications.

2 Experimental

2.1 Synthesis of NaSrGd,_,_, Eu,Dy, (WO,); series
samples

Phosphor samples were synthesize in solid-phase reac-
tion method according to the stoichiometric ratio of
NaSrGd,;_,_, Eu, Dy, (WO,); (x=0.0, 0.05, 010, 0.15, 0.20,
0.25, 0.30, 0.35, 0.40; y=0.05). The mixture of sodium car-
bonate (NaCO;, AR 99.8%), strontium carbonate (SrCO;,
AR 99%), tungsten oxide (WO;, AR 99%), dysprosium oxide
(Dy,03, 99.9%), gadolinium oxide (Gd,05, 99.95%), and
europium oxide (Eu,05, 99.99%) was ground in an agate
mortar, then placed in air and pre-fired at 600 °C. After
sintered at 800—1200 °C in air for 4 h, the series phosphor
samples were obtained by grinding again.

2.2 Characterization

Thermogravimetric analysis of the test samples was car-
ried out by a STA 449 C thermal analyzer manufactured
by NETZSCH, Germany. X-ray diffraction (XRD, HaoY-
uan Co. Ltd.) and scanning electron microscopy coupled
with energy-dispersive X-ray (EDX) spectroscopy (SEM,
FEI Quanta200 FEG) were used to characterize the phase
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structures, as well as the particle size and composition of the
samples. Static fluorescence excitation and emission spec-
tra at room/high temperature were recorded with an F-7000
fluorescence spectrometer (Hitachi) equipped with specimen
heating holder (THMS 600, Linkam).

3 Results and discussion

In order to explore the sintering temperature range of the sam-
ples, the raw powder mixture NaSrGd,_,_,,Eu, Dy (WO,);
(x=0.20, y=0.05) was measured using TG-DTA, as pre-
sented in Fig. 1. The first weight loss step is about 2% from
room temperature to about 110 °C, which is mainly ascribed
to the evaporation of the adsorbed water, crystal water and
ethanol solvent. When the temperature from 110 to 800 °C,
the weight loss originates from decomposition of carbonate
and the melting of oxide. When the temperature over 800 °C,
the reaction of NaSrGd_,_,,Eu,Dy (WO,); (x=0.20,
y=0.05) is completed, indicative of crystallized. There-
fore, the NaSrGd;_,_,)Eu, Dy (WO,); (x=0.20, y=0.05)
phosphor can be calcined at 800-1200 °C for 4 h to obtain
full grain growth and uniform dispersion.
NaSrGd_,_Eu,Dy (WO,); (x=0.20, y=0.05) phos-
phor samples are prepared with different annealed at
800-1200 °C for 4 h. Figure 2a shows the XRD patterns of
NaSrGd,,_,_,,Eu,Dy (WO,); ( x=0.20, y=0.05) phosphor
sintered at 800 °C, 900 °C, 1000 °C, 1100 °C, and 1200 °C,
respectively. The diffraction peaks of all the samples exactly
agree with the standard PDF#51-1855 in the JCPDS card,
indicating formed a pure phase with tetragonal scheelite
structure (I141/a(88) space group (a=b=5.3 A, c=115A,
a=p=y=90°, V=323.0 A%) [22]. The Eu** (r=0.947 A,
CN=6), Dy** (r=0.912 A, CN=6) and Gd** (r=0.938 A,
CN=6) are of similar radii and chemical properties, thus
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Fig.1 TG-DAT spectra of NaSrGd,;_, ,,Eu,Dy(WO,); (x=0.20,
y=0.05) phosphor samples
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Fig.2 a XRD of NaSrGd, ;sEu,Dy, ,s(WO,); phosphor sintered at
800-1200 °C. b SEM images of NaSrGd, ;sEu,,Dy, (s(WO,); sam-
ples at sintering temperatures of 800 °C, 1000 °C and 1200 °C at a

Eu’*ions and Dy**ions are most likely to replace Gd** sites
forming NaSrGd, ¢oEu osDy( 05(WO,); crystal. With the
calcination temperature increasing from 800 to 1200 °C,
the XRD diffraction peaks become narrower, indicative
crystallinity of it increases significantly [23]. The SEM
images of the samples sintered at 800 °C, 1000 °C and
1200 °C are presented in Fig. 2b. Obviously, the grain sizes
of NaSrGd,_,_,)Eu,Dy (WO,); (x=0.20, y=0.05) samples
significantly increases as the annealing temperature changes,
e.g.~7.5 um at 800 °C,~11.2 um at 1000 °C, and ~17.5 pm
at 1200 °C (Fig. 2c), which is basically consistent with the
XRD pattern characteristics.

XRD measurements conducted on the
NaSrGd,, _,)Eu,Dy; 5s(WO,); (x=0.10, 0.15, 0.20, 0.25,
0.30) co-doped phosphors sintered at 1200 °C are displayed
in Fig. 3a. Clearly, the positions peaks of all the composi-
tions are well assigned to the standard diffraction pattern
(JCPDS- PDF#51-1855), implying that a pristine crys-
tal phase is acquired for the synthesized phosphors. The
enlarged diffraction peak ~28.3° is shown in Fig. 3c. As the
Eu**-doping concentration increases (x <0.25), the diffrac-
tion peak shifts slightly to lower angle, owing to the substi-
tution of Gd** (r=0.94 A) by larger Eu** (r=1.07 A) ions.
When x> 0.25, the diffraction peak moves slightly to larger
angle due to Sr** site substituted by the interstitial Eu**
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magnification of 1200 times. ¢ Particle size distribution diagram and
Gaussian fitting image of NaSrGd,, ;5sEu, ,Dy 0s(WO,); samples sin-
tered at 800 °C, 1000 °C and 1200 °C

codopants [24, 25]. The crystal structure of NaSrGd (;_,,Eu
DY0.05(WO,); is displayed in Fig. 3d, proving the unit cell
belongs to tetragonal scheelite structure. The morphology
of the NaSrGd (,_,,Eu,Dy, 45(WO,); co-doped phosphors is
studied through SEM, as illustrated in Fig. 3b. The irregular
polyhedron shape and relatively uniform grain distribution
of NaSrGd,_,)Eu Dy os(WO,); phosphors are obtained,
indicative their high-quality.

The 4f-4f electron transitions of Eu** ions are highly
responsive to changes in the crystal field environment,
resulting in a change in the emission peak shape as the
matrix material change. Noted that the peak positions
and numbers of the characteristic emission peaks of Eu**
ions in the fluorescence spectrum are generally unaf-
fected by a longer fluorescence lifetime compared to Eu®*
ions. Figure 4 shows the normalized excitation spectra of
NaSrGd,_,Eu,Dy 0s(WO,); (x=0.05, 0.10, 0.15, 0.20,
0.25, 0.30, 0.35, 0.40) samples. The excitation spectra moni-
tored at 616 nm (Fig. 4a), narrow excitation peaks from 350
to 500 nm can also be observed from the excitation spectra,
which could be attributed to the 4f-4f transitions of Eu**
ions. The peaks at 393 nm and 464 nm are attributed to
the "F,— L and "F,— D, transition of Eu** ions. When
the Eu**-doping concentration is below 25%, the emission
peak in both the NUV and blue regions increases with an
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Fig.3 a XRD Diagram of ' (@)
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increase in Eu®* ion concentrations. The excitation inten-
sity reaches its maximum value at 25%. However, beyond
this point, the intensity of excitation peaks decreases due to
the phenomenon of concentration quenching.The process of
concentration quenching for Eu** ions in the matrix material
can be summarized as follows: initially, as the concentra-
tion of Eu?* ions increases, the number of luminescent cent-
ers grows, leading to an increase in luminescent intensity.
This continues until the doping concentration reaches its
critical concentration-quenching value, at which point the
distance between Eu** ions becomes critical. As a result,
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the likelihood of energy transfer between the luminescent
centers increases, while non-radiative relaxation among
the quenching centers leads to more energy quenching
processes.

The excitation spectra monitored at 393 nm (Fig. 4b),
the strongest emission peak at 616 nm could be observed.
A strong emission peak at 610 nm can be attributed to the
5D0—>7F2 characteristic transitions of Eu** ions [24-27].
Another noticeable emission peak appears at 588 nm, origi-
nating from the °D,— ’F, characteristic transitions of Eu**
ions. Noted that the "D, — F, transition is an electric dipole
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Fig.4 a Excitation spectra of the NaSrGd,;_, ¢ ¢s5Eu,Dy(05(WO,);
phosphors  (4,,=616 nm); b Emission spectra of the
NaSrGd;_, o 0s5)Eu,Dy(05(WO,); samples (4,,=393 nm); ¢ Emis-

transition, while the D, — F, transition is a magnetic
dipole transition. The observation of a stronger intensity in
the °D,— 'F, transition compared to the >D,— 'F, transition
suggests that the Eu** ions occupy asymmetric crystal sites
[26, 27]. The fluorescence spectrum confirms this finding.
Due to the splitting of the emission peak resulting from the
D, — F, transition, two peaks with similar intensities are
formed. This further supports the presence of Eu>* ions in
an asymmetric local crystal environment. The distortion of
the crystal lattice symmetry enhances the splitting degree
of the 'F, energy level, contributing to the appearance of
multiple split emission peaks at 610 nm and 616 nm in the
fluorescence spectrum. Compared with other Eu**-activated
luminophor, the emission peak position of samples shows
no obvious transformation, the emission spectrum of the
excitation spectra monitored at 393 nm is well agreement
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with excitation spectra monitored at 464 nm [24-27]. And
their emission intensity is relatively weak, indicating a low
excitation efficiency in the blue region. According to the
above analysis, this phosphor sample is more matched with
the near ultraviolet chip as compared with blue chip [28].
The luminescence mechanism of
NaSrGd,_,Eu,Dy os(WO,); samples is further investigated,
as demonstrated in Fig. 4d. The presence of Eu* ions as
the main luminescent centers in the NaSrGd(WO,); matrix
is confirmed. Under excitation by 393 nm ultraviolet light,
electrons in the ground state of Eu** undergo a transfer to
the 5L6 level, followed by a jump to the 5DO level through a
non-radiative relaxation process. Finally, they return to the
ground state via radiative transitions, resulting in down-con-
version luminescence. Additionally, under the excitation of
ultraviolet light, the separation of electron—hole pairs occurs,
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with some of these pairs entering the conduction band and
recombining with the Eu’* luminescent centers, leading to
the emission of fluorescent light [29-32].

The band gap of NaSrGd,,_,_,,Eu, Dy (WO,); sample can
be estimated by according to the following formula:

[F(RhV]" = A(hv — E,), (1.1)

where F(R_) is Kubelka—Munk function, because the
NaSrGd(WO,); matrix absorption is a direct absorption,
so n=2. A is the scale constant, and Av is the energy of
each photon. The Kubelka—Munk function F(R_) can be
expressed as:

(1-Ry
2R

FR,) = =K/S, (1.2)
where R is the reflection coefficient, K is the absorption coef-
ficient, and S is the scattering parameter. The relation curve
[F (Roo)hv] : with hv is drawn according to Taus method.The
optical band gap diagrams of NaSrGd,,_,_, Eu,Dy (WO,);
samples are shown in Fig. 5a and b. The E, of the
NaSrGd(WO,); sample is 3.73 eV. In general, the introduc-
tion of Eu®* and Dy>* ions significantly reduces the band
gap of NaSrGd,_,_, Eu,Dy,(WO,); phosphor samples. The
co-doping of Eu** and Dy** is more conducive to energy
level transitions and improves its luminescence performance.
Specifically, after the introduction of Dy>" ions, the charge
transfer bands generated by the interaction between the host
and Eu**/Dy** ions partially overlap. With the increase of
Eu’* ion doping concentration, the interaction between the
two transfer bands is enhanced, resulting in a red shift in the
UV-visible diffuse reflection absorption edge of the sample.
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Fig.5 a UV-IR Diffuse Reflectance Spectra of the NaSrGd_,,Eu,Dy,(WO,);phosphors; b Optical band gap diagram

NaSrGd,,_,,Eu,Dy,(WO,); samples
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Therefore, the emission color gradually changes from yellow
through orange to red. This color transformation is likely due
to the substitution of host ions, which alters the intensity of
the crystal field surrounding the emission center. Overall,
these findings offer valuable insights into the optical proper-
ties of doped phosphor materials, which could be beneficial
for applications such as display screens, lighting, and sens-
ing devices.

The variation UC emission spectra of the
NaSrGd, ;Eu, ,5sDy( os(WO,); over the temperature from 233
to 393 K is summarized in Fig. 6a—d. Obviously, the position
and shape of each emission band in fluorescence spectrum
are unchanged with the increasing of temperature from 233
to 393 K, while the emission intensity decreased caused by
the thermal quenching phenomenon [33-35]. The decreased
of the luminous intensity is also estimated with different
temperature, as summarized in Fig. 6d. The luminous inten-
sity decreases slightly with the increase of temperature from
100% at 233 K to 77.21% at 393 K under 393 nm excitation.
Under the excitation of blue light at 464 nm, the emission
intensity value decayed to 77.79% in the temperature region
from 233 to 393 K. Especially for the region of 273-373 K,
the luminescence intensity decayed is lower than 15% indic-
ative of excellent thermal stability, which could meet the
application requirements of LED phosphor working at harsh
temperature.

The color coordinates of the
NaSrGd_,  o5/Eu,Dy( os(WO,);(x=0.05, 0.10, 0.15, 0.20,
0.25, 0.30, 0.35, 0.40) phosphors are investigated by calcu-
lated from the detected UC emission spectra. Figure 7a pre-
sents the Commission International de I’Eclairage (CIE)
coordinate diagrams of NaSrGd;_, ¢ ¢s5Eu,Dy(s(WO,)3
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at variable temperature conversion (4,,=616 nm); b Temperature
varying conversion emission spectra of NaSrGd,, ;Eu,, ,sDy o5(WO,)3
phosphor (4,,=393 nm); ¢ Temperature varying conversion

phosphors. The CIE coordinates for all prepared samples
are located in the red region. The color purity for various
Eu’* concentrations can be calculated by the numerical
calculation of the color coordinates, as shown in Table 1.
When the doping concentration of Eu®* ions is 25%, the
color purity of the samples reaches more than 90%, which
has great potential for technical application in the LED
field. The relative brightness and color change diagram
of the NaSrGd,,_, ¢ ¢s5) Eu,Dy o5(WO,); phosphor is dis-
played in Fig. 7b. With increasing of Eu®* ion doping con-
centration, the color of all the samples gradually changes
from yellow to orange, and then to red. This feature makes
this series of red phosphors can be used in white LED
applications.
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emission spectra of NaSrGd,Eu,sDy,(s(WO,); phosphor

(Aexy=464 nm); d Percentage diagram of peak emission light of
NaSrGd,) ;Eu, ,5Dy( os(WO,); phosphor at different temperatures
(Aex =393 nm, 4., =464 nm)

Figure 7c is a color-changing application device effect dia-
gram prepared by NaSrGd,;_, ¢ s, Eu,Dy( ¢5(WO,); phosphor
samples. Clearly, the phosphor is white under visible light.
After being excited by 365 nm UV light, the phosphor gen-
erally emits red light, which is the first-level anticounterfeit-
ing achieved by ultraviolet excitation. In addition, different
component phosphors show color gradient through ultravio-
let excitation, generally from yellow to orange to red, which
can be regarded as the second-level optical anticounterfeiting.
More importantly, the color brightness is also significantly
different as the composition changes, which can be regarded
as the third-level optical anticounterfeiting. Combined with
the above-mentioned three-level changes, the prepared color-
changing device achieves a high level of optical safety with
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Fig.7 a CIE color coordinates of NaSrGd,,_,,Eu Dy, (s(WO,); phosphor series samples; b Samples relative brightness and color change dia-
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Table 1 The Coloration
parameters of NaSrGd; _, s

Eu’* concentra-  Chromatic coordinate Primary wavelength Dominant Color purity (%)

tion x (/mol) coordinate wavelength(nm)

Eu,Dy, ¢s(WO,); phosphor

(Aex =393 nm) 0.05 (0.5559, 0.3470) (0.6470,0.3526)  604.692 70.96
0.10 (0.5912, 0.3411) (0.6566,0.3431)  607.271 79.77
0.15 (0.6119, 0.3393) (0.6594,0.3403)  608.069 85.43
0.20 (0.6204, 0.3368) (0.6624,0.3373)  608.973 87.23
0.25 (0.6314, 0.3379) (0.6614,0.3384)  608.657 90.86
0.30 (0.6329, 0.3374) (0.6619,0.3378)  608.827 91.16
0.35 (0.6336, 0.3357) (0.6638,0.3359)  609.399 90.86
0.4 (0.6388, 0.3371) (0.6624,0.3374)  608.948 92.84
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mixed application objects, such as trademarks, banknotes or
luxury goods, which have potential application in optical anti-
counterfeiting [36].

4 Conclusions

NaSrGd,_,_,)Eu,Dy (WO,); powder red luminescent
materials were synthesized by high-temperature solid-
state reaction method. The samples are tetragonal scheelite
structure. The effects of sintering temperature, dop-
ing concentration of Eu*" and Dy*" in NaSrGd(WO,),
matrix, calcination temperature and working tempera-
ture on the microstructure and luminescence properties
of the samples were investigated. The emission color of
NaSrGd(WO,);:Dy>* phosphor could be tunned via chang-
ing concentrations of Eu>* ion. In addition, the phosphors
exhibit narrow red-light emission at 610 nm caused by the
electric dipole transition °Dy— "F, of Eu’*. Especially,
the phosphor exhibits superior thermal stability, its emis-
sion intensity of optimum sample remained + 15% over
the temperature range from 233 to 393 K. The Commis-
sion International de I’Eclairage (CIE) chromaticity coor-
dinates of x=0.4 are (0.6388, 0.3371) with a high color
purity (92.84%). More importantly, prepared color-chang-
ing device of phosphors achieves a high level of optical
safety. has a bright future in the development of advanced
light-emitting technologies and optical anti-counterfeiting.
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