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Elevated temperatures can lead to reabsorption and color drift, compromising the quality of phosphor-
converted white light-emitting diode (pc-WLED) devices. To ensure the performance of WLEDs under
these conditions, it is essential to develop luminescent materials that maintain stable color. Consequently,
there is a pressing need for single-phase white-emitting phosphors with robust chromatic stability. In this
work, we synthesize a series of color-tunable NaCaGd(WO,)s (NCGW) phosphors using conventional
solid-state reaction method, co-doping with Dy** and Eu®* in varying ratios. X-ray diffraction, Rietveld
refinement and scanning electron microscopy analyses are carried out to identify the phase purity and
morphology. The photoluminescence (PL) properties are investigated under excitations of 352 nm and
393 nm. The PL emission spectra and fluorescence decay curves reveal efficient energy transfer between
the Dy3+ and Eu®* ions within the NCGW host, demonstrating tunable PL emission properties through
manipulation of this energy transfer. At elevated temperatures of up to 200 °C, the positions of the
characteristic emission peaks of Dy** and Eu®" in NCGW phosphors remain essentially unchanged.
Although the emission band intensities decrease due to thermal quenching, they retain a significant
portion of their initial intensity compared to room temperature levels. For proof-of-concept studies, a
single-phase NCGW:0.05%Dy>*-0.05%Eu®* phosphor is combined with a commercial 365 nm UV chip
to create a WLED device prototype. This prototype achieves a color rendering index of 81.7, a correlated
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color temperature of 4862 K and Commission International de I'Eclairage chromaticity coordinates of
(0.35, 0.37), exhibiting comparable or superior colorimetric values to those reported in previous research.
The results indicate that Dy** and Eu®* co-doped NCGW phosphors, with their high chromaticity stability,

rsc.li/dalton have significant potential for full-spectrum WLED applications.

Commercially available pc-WLEDs primarily utilize blue-emit-

1. Introduction
ting InGaN chips to excite YAG:Ce®" yellow phosphors. While

With the advancement of lighting technology, phosphor-con-
verted WLEDs (pc-WLEDs) have emerged as the mainstream
method for producing white light and are considered the most
promising next-generation light sources due to their advan-
tages over traditional incandescent and fluorescent lamps,
such as energy efficiency, environmental friendliness, compact
size, lightweight, fast response and long lifespan.'°
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cost-effective and suitable for mass production, the lack of red
emission poses challenges for these pc-WLEDs to achieve
warm white light with a low correlated color temperature
(CCT) and high color rendering index (CRI), thereby limiting
their applicability in areas such as indoor lighting.""™* An
alternative strategy involves using blue BaMgA110017:Eu2+,
green (Ba,Sr),Si04:Eu®" and red (Ca,Sr)AlSiN;:Eu®>" phosphors
with a UV LED chip. This approach can effectively increase the
CRI of the system and provide higher excitation energy, as UV
light does not interfere with white light emission.'”™®
However, in addition to the complexity of the production
process and the reabsorption behavior of blue emissions by
green and red phosphors, the varying aging characteristics and
thermal quenching behaviors of mixed tricolor phosphors
present challenges in maintaining color balance and
chromatic stability for high-quality illumination."® Herein,

This journal is © The Royal Society of Chemistry 2025
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developing single-phase white-emitting phosphors with stable
emission across a wide temperature range would be a highly
desirable solution to these challenges, as such phosphors can
combine the benefits of high chromatic quality and stable
color performance without the drawbacks associated with
mixing multiple phosphors. Therefore, in recent years, signifi-
cant effort has been dedicated to single-phase white-emitting
phosphors incorporating single or multiple lanthanide activa-
tors as an alternative method for producing high-quality
WLEDS'174,15719

Trivalent lanthanide activators exhibit unique optical pro-
perties, including narrow and intense luminescence, long life-
times, emissions spanning the entire visible spectrum (red,
green and blue) and excellent thermal and chemical
stability.*>*' Dy*" among trivalent lanthanide activators exhi-
bits three emission bands in the visible region: blue
(~480 nm), yellow (~575 nm) and red (~665 nm), attributed to
the *Fo, — ®Hys)s, “Fo, — °Hisp and *Fg, — °Hyy), transitions,
respectively.>”> Consequently, Dy** ions are widely utilized in
the development of single-phase white-emitting phosphors
due to their well-insulated 4f orbit by the 5d and 6s orbits,
which ensures that the energy levels are rarely affected by the
surrounding environment; notably, there are two excitation
peaks at around 350 and 450 nm that correspond to existing
LED chips, suggesting their potential use as components in
pc-WLEDs. However, akin to the limitations of the blue chip +
YAG:Ce** yellow phosphor system, the white light generated by
Dy’" ions is constrained by their weak red emissions, resulting
in low CRI and high CCT values, which are insufficient on
their own. To enhance their emission properties, various red-
emitting lanthanides such as Eu**, Pr’* and Sm®" can be co-
doped with Dy*" ions. Among these, Eu®* ions are particularly
notable for their strong red emission characterized by a
maximum peak around 613 nm attributed to the *D, — 'F,
transition. This emission property has the potential to address
the deficiency of the red component in the emission spectra of
Dy’" ions. However, with its highest excitation peak situated at
~395 nm, the improper excitation position of Eu**-doped
phosphors usually limits their practical use in pc-WLED
applications.>*"2° Herein, Dy*" ions can effectively act as sensi-
tizers for Eu®", facilitating energy transfer. Therefore, when
Dy*" is co-doped into Eu**-activated phosphors as a sensitizer,
red emission can be effectively realized and excited by near UV
or UV chips.?”?®

The chemical and physical characteristics of host materials
(i.e., phosphors) play a critical role in determining lumines-
cent performance. Host materials with a wide energy band gap
(>3.3 eV) are preferred for accommodating lanthanides, as they
enable efficient radiative transitions at luminescent centers
while minimizing emission losses at high temperatures.*®
Consequently, careful selection of suitable phosphor hosts is
essential, as it significantly impacts the luminescent perform-
ance and stability of the phosphors. In recent years, tungstate
phosphors have attracted considerable attention due to their
excellent photoluminescence (PL) properties, chemical stabi-
lity, and ability to support multiple-ion doping.”” The NCGW
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matrix is particularly well-suited for lanthanide activators
because of its wide energy band gap, which minimizes emis-
sion losses at high temperatures and ensures efficient radiative
transitions for lanthanides. Additionally, the WO, group
within NCGW acts as an effective sensitizer, transferring
absorbed near-UV light to the lanthanide ions, thereby enhan-
cing their absorption efficiency and boosting the luminescent
performance of lanthanide ions.?**' This makes NCGW an
ideal candidate for achieving stable and tunable PL properties.

While research on NCGW phosphors has been relatively
limited, several studies have demonstrated the potential of
this matrix for various applications. For instance, Wang et al.
reported red-emitting NCGW phosphors doped with Eu** syn-
thesized via the hydrothermal method.*® Similarly, Xie et al.
explored the PL properties of Th**-doped and Tb**, Eu*" co-
doped NCGW phosphors for color display devices and pc-
WLEDs.*! However, to the best of our knowledge, the lumine-
scence properties of Dy’" and Eu®** co-doped NCGW phosphors
for pc-WLED applications have not yet been reported.
Therefore, in this study, we synthesize Dy’ and Eu®" co-doped
NCGW phosphors using a conventional solid-state reaction
method to explore their tunable PL and energy transfer mecha-
nisms. The phase purity and morphology are determined
through X-ray diffraction (XRD), Rietveld refinement and scan-
ning electron microscopy (SEM) analyses. The effective energy
transfer is systematically evaluated using PL spectra and fluo-
rescence decay curves, revealing a wide range of emission
colors by adjusting the Dy** and Eu®*" doping ratios.
Temperature-dependent PL spectra are recorded to assess
luminescence intensity and colorimetric properties at elevated
temperatures. Ultimately, a prototype WLED device, fabricated
with a selected phosphor and a 365 nm UV chip, demonstrate
outstanding performance, indicating that Dy*" and Eu®* co-
doped NCGW phosphors have significant potential for pc-
WLED applications.

2. Experimental studies

2.1. Synthesis of Dy**/Eu** co-doped NaCaGd(WO,);
phosphors

A series of NCGW: xDy’"—yEu®*" (x = 0-0.15; y = 0-0.07 in
mol%) phosphors is prepared by through conventional solid-
state reactions, using Na,COj;, CaCO;, Gd,0; and WOj; along
with Dy,0; and Eu,0;. All raw materials, of analytical grade,
are used as received without further purification. These com-
pounds are weighed in stoichiometric ratios and thoroughly
ground for 30 minutes in an agate mortar to achieve uniform-
ity. The mixture is then placed in an alumina crucible and pre-
heated at 400 °C in a muffle furnace for 6 hours, followed by
regrinding. To obtain the target material in its pure phase, the
mixture is sintered at 800 °C for 4 hours. Finally, the products
are cooled to room temperature by switching off the muffle
furnace and the sample is ground into a fine powder. We
confirm that all samples are sintered in ambient atmospheric
conditions, which are known to favor and stabilize the Eu**
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oxidation state due to the presence of oxygen. Under these con-
ditions, europium ions predominantly exist in the Eu®" state,
minimizing the possibility of Eu*>* formation.

2.2. Fabrication of pc-WLED device

The prototype WLED device is fabricated by combining the
selected NCGW:0.05%Dy>"-0.05%Eu®" phosphor with a com-
mercial 365 nm UV chip. The phosphor and epoxy resin are
mixed in a 1:5 ratio and thoroughly blended for about
15 minutes. The resulting mixture is dried at 120 °C and then
coated onto the UV chip to fabricate the WLEDs.

2.3. Characterization studies

The phase purity of the synthesized phosphors is examined
using XRD measurements conducted with a Rigaku Ultima IV
diffractometer employing Cu Ko radiation (A = 1.5406 A). The
XRD peak positions and intensities are compared against the
corresponding ICDD card files. The morphological properties
and elemental mapping are analyzed with a Thermo Scientific
Apreo 2 S LoVac field emission scanning electron microscope
(FE-SEM) operating at a working voltage of 10 kV and a resolu-
tion of 0.8 nm. Infrared spectroscopic analysis is performed
using a PerkinElmer FTIR-100 spectrophotometer, covering
the wavenumber range of 400 cm™" to 4000 cm ™. The steady-
state and time-resolved PL properties of the phosphors are
investigated using an Edinburgh Instruments FS5 spectrofluo-
rometer equipped with a 150W xenon lamp as the excitation
source with a high spectral resolution. Photoluminescence
quantum yield (PLQY) measurements are performed using an
integrating sphere with a 150 mm internal cavity coated with
polytetrafluoroethylene. The measurements are carried out
under a 360 nm excitation wavelength, ensuring a signal-to-
noise ratio exceeding 6000 : 1 for the water Raman signal and a
spectral resolution of 0.5 nm. Colorimetric properties such as
the Commission Internationale de I’E’clairage (CIE) 1931 color
coordinates, CCT and CRI are determined by using OSRAM
Color Calculator software. Time-resolved lifetime spectra are
measured with the same spectrofluorometer utilizing a time-
correlated single-photon counting (TCSPC) technique,
equipped with a microsecond xenon lamp as the excitation
source. The decay curves are fitted with a bi-exponential
equation:

16) = 4e@) + a,e®) (1)

where, I(t) represents emission intensity, 7; and 7, are the
measured lifetime values and A4; and A, are decay constants.
The Measured lifetime value (z,,¢q5) for each transition is calcu-
lated by using the following expression:
Al‘[lz +A2722
Tmeas =~ | 1 - (2)
ATy + A7y
The choice of a bi-exponential fit for the decay curves is
based on the assumption that luminescence decay involves
two distinct processes or emission sites with different life-
times, a common occurrence in doped materials. In our syn-
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thesized samples, we find that the bi-exponential model best
fits the experimental data, as confirmed by analyzing fitting
residuals and reduced chi-square values.

The temperature dependence of the PL properties is
studied using a Pike Technologies heated solid transmission
attachment fitted to the spectrofluorometer, enabling
measurements over a temperature range from room tempera-
ture to 200 °C.

3. Results and discussion

3.1. Crystal structure, morphology and phase
characterization

The XRD patterns for undoped NCGW, NCGW:0.05%Dy>" and
NCGW:0.05%Eu’" single-doped and NCGW:0.05%Dy’"~0.05%
Eu’" co-doped phosphors are shown in Fig. 1a. The diffraction
patterns align closely with those of the CawO, reference
(ICDD # 04-007-9496), with no secondary phases or contami-
nants detected. This similarity suggests that Dy*" (r = 0.91 A,
CN = 6) and Eu®* (r = 0.95 A, CN = 6) ions successfully incor-
porate into the NCGW lattice by substituting Gd*" (r = 0.94 A,
CN = 6) ions due to their similar ionic radii. It should be
noted, however, that NCGW and CaWO, have distinct crystal
structures; CaWO, is referenced here solely as a comparative
standard for diffraction patterns. The primary structural differ-
ence between NCGW and CaWO, lies in their composition and
resulting lattice characteristics. While both materials share a
scheelite-like structural framework, CaWO, is a simple binary
compound crystallizing in the I4,/a tetragonal space group,
where Ca®" and WO,*>~ ions occupy highly symmetric lattice
sites. In contrast, NCGW is a more compositionally complex
phase, incorporating Na*, Ca®*, and Gd*" ions that share cat-
ionic lattice sites. This compositional complexity introduces
subtle distortions within the lattice due to the variations in
cation sizes and charges, though the scheelite-like backbone
remains the dominant feature of the crystal structure.

The right panel of Fig. 1a shows the magnified primary
diffraction peak for the (112) lattice plane of the phosphors,
alongside the characteristic diffraction peak of CaWoO,.
Notably, incorporating 0.05% Dy" into the NCGW host shifts
the main XRD peak toward larger diffraction angles, due to the
smaller radii of Dy’" ions compared to Gd*" ions, causing
lattice shrinkage. A slight shift is also observed with 0.05%
Dy**-0.05% Eu®" co-doping. However, no significant peak shift
occurs with 0.05% Eu®** doping, given the close ionic radius
values of Eu®" and Gd*'. Thus, it can be concluded that the
solid-state reaction effectively synthesizes single-phase phos-
phors doped with Dy*" and Eu®" ions in NCGW host.

To further validate the NCGW host lattice structure and
ensure accurate phase identification, the selected
NCGW:0.05%Dy>"-0.05%Eu’" co-doped phosphor is subjected
to XRD Rietveld refinement using the FullProf_Suite program.
The refined cell parameters show strong alignment with pre-
viously reported NCGW structural data.*’ Refinement factors
of R, = 7.74%, Ry, = 9.86% and y* = 1.822 indicate a high-
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Fig. 1 (a) XRD patterns of the undoped NCGW, NCGW:0.05%Dy>* and NCGW:0.05%Eu** single-doped and NCGW:0.05%Dy>*-0.05%Eu®* co-

doped phosphors. (b) Rietveld refinement for the representative NCGW:

0.05%Dy**-0.05%Eu** co-doped phosphor. (c) (i) FE-SEM image of the

representative NCGW:0.05%Dy**—0.05%Eu®* co-doped phosphor, (i) Overall distribution of detected elements, (iii)—(ix) Distribution of Na, Ca, Gd,

W, O, Dy and Eu, respectively.

quality fit, confirming the target crystal structure as NCGW
and supporting the integrity of subsequent analyses based on
this verified structure.

The NCGW:0.05%Dy*"-0.05%Eu’* co-doped sample is
further examined for its morphology. The FE-SEM image in
Fig. 1c(i) shows that the synthesized phosphors have an irregu-
lar morphology with particle sizes around 2-3 pm. Elemental
distribution is analyzed via FE-SEM mapping. Fig. 1c(ii) pre-
sents the overall distribution of elements, while Fig. 1c(iii)-(ix)
illustrate the specific distributions of Na, Ca, Gd, W, O, Dy and
Eu. The homogeneous distribution of all elements confirms
the efficient doping of Dy** and Eu®" ions.

3.2. Infrared spectra, diffuse reflectance and optical band
gap analysis

Infrared spectroscopy is used to study the absorption bands
and their vibration frequencies. Fig. 2a shows the infrared

This journal is © The Royal Society of Chemistry 2025

spectra for undoped NCGW, NCGW:0.05%Dy’" and
NCGW:0.05%Eu** single-doped and NCGW:0.05%Dy*"-0.05%
Eu*' co-doped phosphors. The spectra display a broad, strong
band between 480 cm™' and 900 ecm™' (highlighted with a
blue background in Fig. 3a), which is attributed to the
vibrations of the WO, units. Additionally, peaks at 840 cm™"
and 928 cm™' (highlighted with a yellow background in
Fig. 3a) correspond to the asymmetric stretching vibrations of
the W-O units and the symmetric stretching vibrations of W-
O-W in WO, units, respectively.>” The sharp peak observed at
445 cm™' (highlighted with a green background in Fig. 3a)
corresponds to the Gd-O stretching vibrations.>?

The diffuse reflectance (DR) spectra of NCGW,
NCGW:0.05%Dy*>" and NCGW:0.05%Eu’" single-doped and
NCGW:0.05%Dy**-0.05%Eu’" co-doped phosphors are shown
in Fig. 2b. All samples display a broad absorption band
between 250 to 450 nm, which is attributed to the charge

Dalton Trans., 2025, 54, 3414-3426 | 3417
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Fig. 2 (a) Infrared spectra, and (b) diffuse reflectance spectra of undoped NCGW, NCGW:0.05%Dy** and NCGW:0.05%Eu** single-doped and
NCGW:0.05%Dy**-0.05%Eu>* co-doped phosphors. (Inset of b shows the band gap of undoped NCGW phosphor).
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(a) PLE spectra for 575 nm emission, (b) PL spectra under 352 nm excitation, (c) corresponding CIE coordinates, (d) decay curves of NCGW:

xDy** (x = 0.03, 0.05, 0.07, 0.10, 0.15 mol%) phosphors. (Inset of Fig. 1b illustrates the relationship between yellow emission intensity (575 nm) and
Dy** concentration and inset of Fig. 1d shows the plot of log(//x) vs. log(x)).

transfer transition from the 2p state of O to the 5d state of W.

In the DR spectrum of the NCGW:0.05%Dy’" single-doped

phosphor and NCGW:0.05%Dy>"-0.05%Eu®" co-doped phos-
phor, the absorption peaks appearing at 758, 808 and 910 nm

3418 | Dalton Trans., 2025, 54, 3414-3426

correspond to the transitions of Dy*" ions, originating from its
ground state ®Hys;, to the excited states °Fs/, (°Fy5), ®Fs/, and
°F,,,, respectively.® In addition, the DR spectra of the
NCGW:0.05%Eu** single-doped phosphor and NCGW:0.05%
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Dy*"-0.05%Eu’" co-doped phosphor exhibit characteristic Eu**
absorption peaks at 393, 465, and 535 nm, corresponding to
the transitions ‘F, — °Lg, 'F, — °D,, and 'F; — 5Dy,
respectively.®!

The optical band gap (E) value is a crucial factor in deter-
mining the efficient luminescence properties of activators in a
host material. Therefore, E, value of undoped NCGW phos-
phor is determined from the DR spectra using Kubelka-Munk

absorption function F(R) using the following equation:*>-*°
F(R) = (1-R)*/(2R) (3)
and analyzed using the Tauc equation:
IF(R))" = Al — Ey) ()

where R represents the diffuse reflectance coefficient, Av is the
photon energy, n determines the nature of the band gap (n = 2
for a direct band gap and n = 1 for an indirect band gap), and
A is the absorption constant. By plotting (hAvF(R))* versus hv, a
linear region is observed, confirming that n = 2, which indi-
cates a direct band gap. From this analysis, the undoped
NCGW phosphor is found to have a direct E, of 4.25 eV (inset
of Fig. 2b). This wide direct band gap highlights its suitability
as a host for lanthanide doping, enabling efficient radiative
transitions at luminescent centers.

3.3. Photoluminescence characteristics of NaCaGd(WOy,);:
Dy** phosphors

PLE measurements are conducted at a monitoring wavelength
of 575 nm, where the maximum PL peak is observed, due to
the characteristic transition (°H;s, — *Fo,) of Dy*" ions doped
at various concentrations (0.03, 0.05, 0.07, 0.10, 0.15 mol%)
into the NCGW structure, as shown in Fig. 3a. Unlike other
Dy*" and Eu®*" co-doped phosphors, the NCGW host does not
exhibit a broad band associated with the charge transfer band
upon single Dy*" doping.>”*®* However, multiple excitation
wavelengths in the 300-500 nm range correspond to the
characteristic transitions of Dy’* ions, with peak positions
remaining consistent across different Dy** doping concen-
trations. The identified excitation wavelengths corresponding
to the f-f electronic transitions of Dy*" ions are 327 nm
(*His;z = “P3p), 352 nm (*Hys, — “Pyp), 365 nm (*Hyspp —
°Psj2), 388 nm (“His — 'Lizp), 427 nm (*Hisp — *Giyp),
453 nm (*Hys/, = “I352) and 476 nm (°Hys;, — *Fop). The tran-
sition from ®Hy5, — “P5,, at 352 nm exhibits the highest inten-
sity. Therefore, this transition wavelength is selected to be
used for excitation in PL measurements.

PL analysis excited at 352 nm is performed on NCGW
samples with varying Dy’ concentrations. The results, shown
in Fig. 3b, exhibit the characteristic emissions of Dy*" ions at
480 nm (blue), 575 nm (yellow) and 665 nm (red), corres-
ponding to the typical *Fo, — ®H;5, electric dipole transition,
*Fg, — ®Hy3, magnetic dipole transition and *Fo;, — ®Hyq)n
transition. As observed, the intensity of the yellow emission is
significantly higher than that of the other two emissions. This
indicates that Dy" is located at a low-symmetry site without an

This journal is © The Royal Society of Chemistry 2025
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inversion center, as the hypersensitive electric dipole tran-
sition, rather than the magnetic dipole transition, is strongly
influenced by the surrounding environment.*”

While the Dy** concentrations do not affect the positions of
the PL peaks, they significantly influence the intensity of these
emissions. The inset in Fig. 3b illustrates the relationship
between Dy’" concentration and PL intensity at 575 nm. The
emission intensity initially increases up to 0.05% Dy’ and
then decreases with further increases in concentration. This
decrease is attributed to the effect of concentration quenching.
Consequently, the sample with 0.05% Dy** is selected as the
optimal doping concentration due to its maximum emission
intensity.

In Fig. 3¢, a CIE diagram illustrates how the emission coor-
dinates change with different Dy** concentrations. The sample
with 0.03% Dy** has emission characteristics closest to the
white region, whereas higher doping levels shift the emission
towards the yellow region, with no significant differences
observed among them.

Fig. 3d presents the lifetime analysis by monitoring the
575 nm emission under the excitation of 352 nm for samples
with varying Dy®" concentrations. Consistent with literature
findings, an increase in Dy®" concentration correlates with
shorter lifetimes due to the concentration quenching.
Concentration quenching arises from non-radiative energy
transfer mechanisms among luminescent centers, which
encompass exchange interaction, radiative reabsorption and
electric multipolar interactions. To determine the specific
mechanism between Dy’* ions, the critical distance (R,) is cal-
culated using the following equation proposed by Blasse

et al.:*®
R —2(2Y v (5)
¢ "\4nx.N

where V represents the volume of the unit cell, X, stands for
the critical concentration for which emission reaches a
maximum and N refers to the number of formula units per
unit cell. For NCGW:Dy*" phosphors, using V = 312.53 A%, X, =
0.05 and N = 4, the calculated critical distance is 14.4 A. This
may rule out the exchange interaction since it happens often
when the R. value between activators is less than 5. The radia-
tive absorption process needs a significant overlap between
the excitation and emission spectra, which is unlikely to occur
in this system. According to the aforementioned calculations,
the predominant energy-transfer mechanism between Dy*" in
the current system will be the electric multipolar interaction.
The following formula is further used to determine the exact
item,*4°

1

= [1+paf] ©)

where I, x and f3 represent the emission intensity, Dy>" concen-
tration beyond the critical content and a constant for a specific
host under the same excitation circumstances, respectively. 8 =
6, 8 and 10 corresponds to the electric dipole-dipole, dipole-
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quadrupole and quadrupole-quadrupole interactions, respect-
ively. The correlation of log(Z/x) vs. log(x) is presented with a
linear fit, as shown in inset of Fig. 3d. The slope of the fitted
line is —2.09, which corresponds to —6/3. Therefore 6 = 6.27,
which is closest to 6, suggesting that the energy-transfer
mechanism between Dy*" in the NCGW:Dy*" phosphors is
mediated by electric dipole-dipole interaction.

3.4. Photoluminescence characteristics of NaCaGd(WOy,);:
Dy**-Eu®* phosphors and energy transfer mechanisms

After establishing the optimal Dy*" ion concentration at
0.05%, Eu’" ions are introduced to the NCGW host in varying
concentrations (0.005-0.07%) while keeping Dy** doping level
constant. The results of the PL analysis, excited at 393 nm—
the most sensitive excitation wavelength for Eu®*" ions—are
shown in Fig. 4a. As shown in the graph, increasing the Eu**
concentration does not shift the peak positions; however, the
PL intensity increases with the increment of Eu®*
concentration.

The inset in Fig. 4a shows the variation of the characteristic
red emission peak at 613 nm with different Eu** concen-
trations. The impact of these changes in emission peaks is
clearly depicted in the CIE diagram in Fig. 4b, where the emis-
sion colors shift from the orange to the red region. This
demonstrates that the emission color can be tuned by simply
adjusting the Eu*" concentration.

The inset of Fig. 4a illustrates the relationship between red
emission intensity (613 nm) and Eu®*" concentration, while
Fig. 4d shows the relationship between yellow (575 nm) and
red (613 nm) emission intensities and Eu®" concentration. In
Fig. 4a and ¢, NCGW:0.05% Eu®*" and NCGW:0.05%Dy>"
single-doped phosphors are shown with dashed lines to
compare Dy**-free and Eu*'-free phosphors with those con-
taining varying Dy** and Eu®* concentrations, respectively.

Fig. 4c presents the PL analysis results when the excitation
wavelength is changed to 352 nm, which is most sensitive for
Dy*" ions. The graph shows that the characteristic Dy*" emis-
sions at 472 nm (*Hys,, = *P3/,) and 510 nm (°Hys,, = *P3),) in
the Eu**-free phosphor are affected by the introduction of Eu**
ions through energy transfer between Dy** and Eu®' ions,
resulting in a decrease in PL intensity. The inset in Fig. 4c
details the changes in the characteristic Dy** emission at
575 nm and the Eu®*" emission at 613 nm with varying Eu®*
concentrations. Upon excitation at 352 nm, the presence of the
Eu’®" ion peak at 613 nm indicates the energy transfer between
Dy** and Eu’” ions. The change in emission colors with
352 nm excitation is depicted in Fig. 4d, showing that increas-
ing Eu®" concentration causes the emission color to slightly
shift towards the orange region.

Fig. 4e presents the lifetime measurement performed with
an excitation wavelength of 352 nm, targeting Dy*" ions, and
an emission wavelength of 613 nm, characteristic of Eu*" ions.
As the Eu’" ion concentration increases while maintaining a
constant Dy*" ion concentration, the average lifetime decreases
slightly (from 182.32 ps to 177.18 ps). This decrease is due to
enhanced energy transfer from Dy** to Eu’" ions and
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additional non-radiative decay pathways, such as cross-relax-
ation and energy migration among Eu’‘ions, at higher
Eu*'concentrations. This behavior aligns with previous studies
and confirms efficient energy transfer dynamics.””"*!

To better investigate the energy transfer between Dy** and
Eu®*" ions in the NCGW phosphor host, PLE spectra of
NCGW:0.05% Dy** and NCGW:0.05%Eu’* single-doped and
NCGW:0.05% Dy**-0.05%Eu’" co-doped phosphors are moni-
tored, as shown in Fig. 5a. Initially, as evident from Fig. 5a
(top), both NCGW:0.05%Dy** single-doped and NCGW:0.05%
Dy**-0.05%Eu*" co-doped phosphors are examined to observe
the excitation behavior of Dy*" ions at their optimal PL emis-
sion wavelength of 575 nm. The PLE results at 575 nm indicate
that adding Eu®" does not affect the sensitive excitation bands
of Dy*" ions, suggesting no energy transfer occurs from Eu’*
ions to Dy’" ions. Additionally, inset of Fig. 5a illustrates PL
emission graph for NCGW:0.05%Eu®" sample at 352 nm exci-
tation representing that the emission peaks obtained are at
very low count values and within the noise levels, suggesting
that an additional mechanism, ie., energy transfer from Dy>"
ions to Eu’* ions, is responsible for enabling the emission
peak at 613 nm. For comprehensive comparison, the same
experiment is conducted on NCGW:0.05%Eu’" single-doped
and NCGW:0.05%Dy>"-0.05%Eu®" co-doped phosphors, as
given in Fig. 5a (bottom). PLE analysis at 613 nm, specific to
Eu®" ions, reveals characteristic excitation wavelengths of
Eu®" ions at 320 nm (F, = *Hg), 362 nm ('F, — °D,), 380 nm
('Fo — °L;), 393 nm ("F, — °Lg), 415 nm ("F, — °Dj) and
465 nm ('F, = °D,). However, in the NCGW:0.05%Dy>"-0.05%
Eu’" co-doped phosphor, two additional peaks are observed at
352 nm (°*Hys, — °P5)) and 455 nm (*Hys, — *1;55), which are
characteristic transitions of Dy** ions. These additional peaks
in the PLE analysis at 613 nm indicate unidirectional energy
transfer from Dy’* ions to Eu®" ions.

To further elucidate the energy transfer between Dy’ and
Eu®" ions, the excitation and emission spectra of NCGW:0.05%
Eu®*" and NCGW:0.05%Dy>" phosphors are recorded, as shown
in Fig. 5b. The excitation spectrum of NCGW:0.05%Eu’" over-
laps with the emission spectrum of NCGW:0.05%Dy>".
Specifically, the spectral overlap between the ’F, — °D, tran-
sition (excitation) of Eu*" and the *Fo, — °Hjs, transition
(emission) of Dy*" ions strongly suggests the feasibility of
energy transfer from Dy** to Eu*". This observation provides
further evidence supporting energy migration between the two
ions.

In addition, unlike the Dy** single-doped NCGW phos-
phors, the introduction of Eu®** ions causes the NCGW host to
exhibit a broad band at around 287 nm, as shown in Fig. 5c.
Therefore, to gain a deeper understanding of the potential
energy transfers between lanthanide ions (Dy** and Eu®**) and
the phosphor host, a schematic energy level diagram is shown
in Fig. 5d. The PLE analysis reveals that excitation at 287 nm
excites Eu®* ions in the NCGW:0.05%Dy*"-0.05%Eu’" co-
doped phosphor, leading to emissions at 613 nm. This indi-
cates that the NCGW phosphor host effectively transfers
energy to the doped Eu’" ions. This finding serves as a foun-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) and (c) PL spectra and (b) and (d) corresponding CIE coordinates of NCGW:0.05%Dy**—yEu>* phosphors under excitation with (a) and (b)
393 nm and (c) and (d) 352 nm, respectively, (e) decay curves of NCGW:0.05%Dy**-yEu* (y = 0.005, 0.01, 0.03, 0.5, 0.7 mol%) phosphors.

dation for the energy level diagram, illustrating that upon
287 nm excitation, the phosphor host transfers energy to the
excited state D, of Eu®" ions, resulting in characteristic Eu**
emissions. When Dy*" ions in the phosphor structure are

This journal is © The Royal Society of Chemistry 2025

excited at 352 nm, they transition from the °H, s, ground state
to the °P,, excited state. This is followed by non-radiative tran-
sitions to the “Fo/, energy level. From this level, characteristic
Dy*" emissions at 480 nm (blue), 575 nm (yellow) and 665 nm
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Fig. 5 PLE spectra of (a) (top) NCGW:0.05%Dy>* single-doped and NCGW:0.05%Dy**~0.05%Eu®* co-doped phosphors monitored under typical
Dy** emission at 575 nm (Inset of Fig. 5a illustrates PL emission graph for NCGW:0.05%Eu®* sample at 352 nm excitation) and (bottom)
NCGW:0.05%Eu’* single-doped and NCGW:0.05%Dy>*—0.05%Eu>* co-doped phosphors monitored under typical Eu** emission at 613 nm. (b)
Overlap diagram of excitation and emission spectra of Dy** and Eu®*" (c) (left) PLE spectra of NCGW:0.05%Eu®* and NCGW:0.05%Dy**—yEu>* phos-
phors under typical Eu** emission at 613 nm and (right) PL spectra under 287 nm excitation. (d) Schematic representation of the energy level
diagram highlighting the possible energy transfer process between Dy** and Eu®* ions in NCGW phosphor.

(red) are observed as the ions return to the °Hy;,, ground state.
Upon excitation at 393 nm, Eu*" ions transition from the “F,
ground state to the °Lg excited state. They then undergo non-
radiative transitions to the D, energy level, resulting in charac-
teristic Eu** emissions at 595 nm (orange), 613 nm (red) and
703 nm (far-red) as they return to the ground state.
Additionally, the excitation of Dy*" ions at 352 nm can result
in energy transfer to the D, and °D, energy levels of Eu®"*
ions, which are proximate to the excited *Fo, energy level of
Dy*" ions. Consequently, characteristic emission peaks of Eu**
ions are observed upon 352 nm excitation, indicating a uni-
directional energy transfer from Dy** to Eu®*" ions.

3.5. Thermal stability analysis and pc-WLED studies

Phosphors with exceptional thermal stability are essential for
indoor lighting, as the operating temperature of typical

3422 | Dalton Trans., 2025, 54, 3414-3426

WLEDs can rise up to 150 °C, with the 20 °C to 60 °C range
reflecting more moderate thermal conditions commonly
encountered in everyday applications.*” It is essential for these
phosphors to maintain their luminescence intensity and col-
orimetric properties at elevated temperatures. To assess this,
the temperature-dependent PL spectra of the selected
NCGW:0.05%Dy*"-0.05%Eu’" co-doped phosphor are recorded
and illustrated in Fig. 6a and b, monitoring the 575 nm emis-
sion of Dy’" under 352 nm excitation and the 613 nm emission
of Eu®" under 393 nm excitation, respectively. The intensities
of the 573 nm and 613 nm emission bands decrease due to
thermal quenching as the temperature increases from 25 °C to
200 °C.

The thermal stability of luminescent color was assessed by
analyzing the intensity variations of red and yellow emissions
between 25 °C and 75 °C, which reflects the typical operating

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Temperature-dependent PL emission spectra for the selected NCGW:0.05%Dy**-0.05%Eu** co-doped phospor from 25 °C to 200 °C: (a)
under 352 nm excitation to monitor 575 nm emission of Dy>*, (b) under 393 nm excitation to monitor 613 nm emission of Eu**, (c) change in PL

peak intensities at 575 nm for Dy** and 613 nm for Eu®* emissions under

352 nm and 393 nm excitations, respectively, (d) heating—cooling cycles

(Insets of Fig. 1la and b show the temperature dependence of the maximum intensity peak position at 575 nm under 352 nm excitation and peak

position at 613 nm under 393 nm excitation, respectively.).

temperature range for LEDs. Specifically, the red emission
intensity decreased by approximately 20%, while the yellow
emission decreased by around 12% over this range. This differ-
ential decrease suggests a slight shift in the overall emission
color with increasing temperature, as the red component exhi-
bits greater temperature sensitivity compared to the yellow
component.

The yellow emission band of Dy’" ions retains 62.3% of its
intensity at 200 °C compared to room temperature, while the
red emission band of Eu®" ions retains 57.1%. As shown in
Fig. 6c, this phenomenon can be explained as the thermal
quenching rate of Eu®" is faster than that of Dy**. However, the
insets of Fig. 6a and b clearly show that the emission band
positions of Dy** and Eu®" remain unchanged as the tempera-
ture increases to 200 °C. These results indicate that the
selected phosphor can endure the typical operating tempera-

This journal is © The Royal Society of Chemistry 2025

ture range of commercial LED chips, with minimal degra-
dation in luminescent properties.

Additionally, heating-cooling cycle experiments, conducted
up to five cycles from 25 °C to 200 °C, reveal that PL intensities
of Dy*" and Eu®' ions are not significantly affected by these
cycles, as shown in Fig. 6d. This suggests that the PL character-
istics of the phosphor remain stable even after multiple
heating—cooling cycles, demonstrating good thermal stability
and supporting its suitability for use with commercial UV LED
chips, where temperature fluctuations are common.

Ultimately, a proof-of-concept pc-WLED is constructed by
placing the selected NCGW:0.05%Dy>"-0.05%Eu®" co-doped
phospor on top of a commercial UV LED chip, as shown in
Fig. 7a. The phosphor exhibits a PLQY of 23% (see inset of
Fig. 7b), which aligns well with values reported in similar
studies in the literature.*?
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Fig. 7 (a) Design and construction of a prototype WLED using the NCGW:0.05%Dy>"—0.05%Eu®" co-doped phospor exhibiting white light emission
on a commercial 365 nm UV LED chip, (b) emission spectra of an UV LED chip and the selected NCGW:0.05%Dy>*-0.05%Eu®* co-doped phospor

(inset shows the PLQY measurement results under 360 nm excitation), (c)

corresponding CIE chromaticity diagram with colorimetric parameters.

Table 1 Comparison of the CCT, CRI values and CIE color coordinates of selected NCGW:0.05% Dy**—0.05%Eu* co-doped phospor with pre-
viously reported studies on Dy** and Eu®* doped phosphors for white light generation and commercial LEDs

Phosphor Lanthanides Excitation ~ CCT (K) CRI CIE coordinates  Ref.
Commercial LED _y3 . — 4000-6000 >80  (0.33,0.33) —
KBaGd(WO,); Dy’’, Eu®’ 365 nm — 73.9  (0.41, 0.39) 27
BaLa,Si;O01;3 Dy**, Eu®* 370 nm 4285 83.3 — 28
NaCaGd(WO,); (BAM:Eu*), 0.6Tb*",0.1Eu** 365 nm 4505 87.3  (0.36, 0.38) 31
Ca;YAL;B,O;5 Dy**, Eu®* 365 nm 4109 (0.36, 0.32) 44
LizBa,Gd, g5(M0O4)s  Dy*", Eu®* 385 nm 6212 (0.33,0.19) 45
CaBi,Nb,Oq Dy**, Eu®* 365 nm 5472 78.7  (0.33,0.35) 16
Ca;Mg,(PO,)s Dy**, Eu** 365 nm 3878 86.7  (0.38,0.37) 47
NazCay(TeO;)(PO,); BaMgAl,,0,7:Eu*, (Ba,Sr),Si0,:Eu*",Dy*", Eu** 365 nm 4399 94.9  (0.37,0.37) 48
SrLaLiTeO, Dy**, Eu®** 350 nm 3232 86.5  (0.37,0.35) 49
MgAlLO, Dy**, Eu®* 351 nm 6494 — (0.31, 0.33) 50
NaCaGd(WO,); Dy**, Eu** 365 nm 4862 81.7  (0.35,0.37) Present work

Under the excitation of the LED chip at 365 nm, different
emission bands are observed from Dy** ions (484 and 575 nm)
and Eu®" ions (613 nm) (Fig. 7b). The constructed WLED emits
across almost the entire visible spectrum without interrup-
tions, demonstrating promising color properties with CIE
color coordinates of x = 0.35 and y = 0.37, which are quite
close to pure white light coordinates. It also has a CCT value
of 4862 K, approximating cool daylight. Additionally, the rela-
tively broad emission bands of the Eu**/Dy*" co-doped NCGW
phosphor result in a high CRI value of 81.7 (Fig. 7c).

Table 1 lists the colorimetric properties (CCT, CRI values
and CIE color coordinates) of selected NCGW:0.05%Dy>"~
0.05%Eu®" co-doped phospor coupled with a commercial
365 nm UV LED chip, compared with previously reported Dy>*
and Eu®" doped phosphors for white light generation and com-
mercial LEDs. It is evident that the selected NCGW:0.05%
Dy*"-0.05%Eu’" co-doped phospor exhibits either comparable
or superior colorimetric values to those reported in previous
research, which has important implications for the future of
indoor lighting applications. The ability of these phosphors to
deliver high-quality white light with enhanced color rendering

3424 | Dalton Trans., 2025, 54, 3414-3426

and efficiency makes them crucial for the development of next-
generation pc-WLEDs.

4. Conclusions

In conclusion, we successfully synthesize and characterize
color-tunable NCGW phosphors co-doped with Dy*" and Eu®*
ions, demonstrating their potential for application in pc-
WLEDs. Through various analyses, including X-ray diffraction,
Rietveld refinement, and scanning electron microscopy, we
confirm the phase purity and morphology of the synthesized
phosphors. Photoluminescence studies under 352 nm and
393 nm excitations reveal efficient energy transfer between
Dy*" and Eu®" ions, enabling tunable emission properties.
Remarkably, the characteristic emission peaks of Dy*" and
Eu®" ions remain stable at elevated temperatures up to 200 °C,
showcasing robust chromatic stability. Despite thermal
quenching effects, the phosphors retain a significant portion
of their initial emission intensity. The proof-of-concept WLED
prototype, utilizing a single-phase NCGW:0.05%Dy’"~0.05%
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Eu®" phosphor and a 365 nm UV chip, demonstrates impress-
ive colorimetric performance with a color rendering index of
81.7, a correlated color temperature of 4862 K, and CIE
chromaticity coordinates of (0.35, 0.37). These results high-
light the potential of Dy** and Eu*" co-doped NCGW phos-
phors for full-spectrum WLED applications. These advance-
ments could lead to more energy-efficient, cost-effective, and
environmentally friendly lighting solutions, thereby revolutio-
nizing the lighting industry and contributing to global sustain-
ability efforts.
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