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Synthesis and photoluminescence properties of
hi%h-quality reddish-orange emitting Ca;sNb,Og:
Eu®* phosphors for WLEDs and anti-counterfeiting
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In this report, we successfully synthesized a novel trivalent europium (Eu®*)-activated CasNb,Og phos-
phor emitting reddish-orange light via its Do — “Fy and °Dg — ’F, transitions. In the CasNb,Oq host, Eu®*
ions exhibited optimal doping at a concentration of 15 mol%, with the concentration-quenching mecha-
nism predominantly driven by electric dipole—dipole interactions. In addition, the CasNb,Og:Eu** phos-
phor exhibited excellent thermal stability with a photoluminescence (PL) intensity of 71.6% at a working
temperature of 423 K. Interestingly, the internal PL quantum yield (PLQY) of the optimal sample was
obtained to be 87.43%, and the external PLQY was determined to be 47.81%. The fabricated white light-
emitting diode that employed this optimized phosphor alongside commercial phosphors, via a novel silica
epoxy gel (parts A and B)-based method, exhibited good color rendering index (color rendering index =
3753 K), and
Commission International de 'Eclairage chromaticity coordinate (0.3922, 0.3845). Moreover, the optimal

80.65), excellent warm-correlated color temperature (correlated color temperature =
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phosphor was introduced into the polyvinyl alcohol (PVA) polymer film, creating a translucent film. These
films were then fabricated on glass, plastic, and card, which showed a satisfying emission under ultraviolet
radiation. Consequently, the proposed Eu’*-activated CasNb,Oq phosphors can be used as light sources
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1. Introduction

Recently, rare-earth ion doped inorganic compounds have gar-
nered significant attention due to their excellent luminescence
properties."> These properties have positioned them as key
players in various applications such as lighting devices, bio-
markers, medical instruments, optical thermometers, and
anti-counterfeiting applications.>” In particular, because of
their high efficiency, long service time, and environmental-
friendly features, white light-emitting diodes (WLEDs), which
are a type of next-generation solid-state lighting source, have
rapidly advanced lighting industry systems.®° Moreover, solid-
state combinations of different phosphors are commonly used
to build phosphor-converted WLEDs (pc-WLEDs). The most
commonly used commercial phosphors are YAG:Ce (Y3Al50;5:
Ce*"), (Ba,Sr)Si,N,0,:Eu*’, p-Sialon:Eu®* (Sis_,ALLO,Ng_,, 0.1 <
z < 2.0), Sr;SiO5:Eu®’, and KSF:Mn*" (K,SiFg:Mn*").'0**
Regrettably, conventional WLEDs employing yellow phosphors
activated by blue InGaN LED chips possess spectral imperfec-
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and the CasNb,O4:Eu**-PVA film is proposed for anti-counterfeiting applications.

tions, which results in a high CCT value of approximately
7750 K and a CRI value of <80. These are in addition to the
shortcomings of low luminous efficiency and an unstable
spectrum.'®'® To address these issues, research into red-green-
blue phosphors co-activated LEDs has recently been
conducted.'”*® This approach offers the advantage of control-
ling the content of each component and adjusting the per-
formance of the triangular LED system accordingly.

Trivalent europium (Eu®") is a typical activating ion in red-
emitting materials. In response to its charge transfer band
(CTB) and featured transitions ("F, — °Dy, G, °Le, and °Dj)
occurring between 200-300 nm and 300-450 nm, it expresses
good absorption capabilities in the ultraviolet (UV) and near-
UV (NUV)'>?° ranges. The emission characteristics of Eu®* are
sensitive to symmetry, affecting the performance of both the
electric dipole (ED) and magnetic dipole (MD) transitions.
When inversion symmetry is dominant, the Eu®" ions emit
approximately 591 nm emission for the MD transition (°D, —
’F;), while the ED transition (°Do — ’F,) is forbidden. In con-
trast, in a non-inversion symmetric crystal environment, the
main spectrum in emission is governed by the ED transition,
resulting in radiation of approximately 613 nm.*"** In this
case, selecting an ideal host lattice is essential for enhancing
the emission efficiency.

This journal is © The Royal Society of Chemistry 2024
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Owing to their outstanding crystal diversity and multifunc-
tionality, niobates serve as significant host materials that have
attracted considerable interest in indoor lighting devices,
meeting the requirements of industrial products. Some new
niobate-based  phosphors such as  Sr;CaNb,O4Eu’’,
Ca,InNbOs:Sm**, Na,Ca,Nb,0,;:Eu’’, LisCaLa,Nb,O,,:Yb/Er,
LaMgy 40Nbg 50503:Pr*", and BazZnNb,Oq:Eu®* have been
reported.>**® Zhang et al. suggested that Ca;Nb,04:Pr’* phos-
phors could compensate for the flickering behavior of alternat-
ing current (AC)-LEDs and might be suitable for application in
AC-LEDs.?® However, to the best of our knowledge, there is no
reported study on CasNb,Oq:Eu®" phosphors.

In addition, the application of rare-earth phosphors in anti-
counterfeiting measures is widespread in the era of infor-
mation security. Compared to the existing anti-counterfeiting
technologies, rare-earth-activated phosphors have significant
advantages in terms of cost, convenience, safety, transparency,
convenient inspection, defensiveness, and efficiency.’**"
These advantages render phosphor-based confidentiality
methods competitive.

In this study, Eu®* doped Ca,Nb,O, phosphors with
different dopant concentrations were synthesized through a
high-temperature solid-state reaction. The properties of the
synthesized phosphors were analyzed, including their PL exci-
tation (PLE) and PL emission spectra, Commission
International de I’Eclairage (CIE) chromaticity coordinates,
and color purity. Additionally, the concentration quenching,
thermal quenching, and decay lifetimes of these materials
were investigated. Finally, red-emitting LED and WLED devices
using the developed phosphors were packaged via a novel
method for practical applications. The as-prepared phosphors
were introduced in security applications.

2. Experimental procedure

The raw materials used for the synthesis of the Ca;Nb,0q:Eu**
phosphors included calcium carbonate (CaCOj;, 99.99%),
niobium(v) oxide (Nb,Os, 99.99%), and europium(u) oxide
(Euy03, 99.99%), which were purchased from Sigma-Aldrich
without further purification. Through a high-temperature
solid-state reaction technique, a series of Ca;Nb,Og:xEu®" (x =
0.01-0.25) phosphors were synthesized. After being weighed
and ground, the mixture was transferred into alumina cruci-
bles, being heated at 1350 °C for 12 h. Finally, the samples
were cooled down to room temperature and ground for
30 min.

Red-emitting LED and WLED devices were fabricated using
silica epoxy gel (parts A and B), the optimized Ca,;Nb,Oq:Eu**
phosphor, and commercial blue and green phosphors. For the
red-emitting LED device, 0.1 g of CayNb,04:0.15Eu®" phosphor
was mixed with 0.5 g of silica epoxy gel, and for the WLED
device, 0.1 g of Ca4Nb,0,:0.15Eu** phosphor, 0.05 g of
BaMgAl;,0,,:Eu®*" blue phosphor (BAM:Eu**), and 0.07 g of
BaSc,Si;0;0:Eu”" green phosphor (BSS:Eu”*) were mixed with
1 g of silica epoxy gel. The as-prepared slurries were applied
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onto the 405 nm emitting chips and dried in an oven at 80 °C
for 6 h.

The flexible luminescent anti-counterfeit films were syn-
thesized by mixing the phosphor with a polyvinyl alcohol (PVA)
solution. First, the PVA powder was diffused in pure water at a
15% weight ratio and stirred at 90 °C for 1 h. After the mixture
formed a transparent solution, heating was stopped, and the
phosphor was added. Following stirring for another 1 h, the
mixture was smeared onto glass and plastic bases.

A diffractometer (Bruker D8 Advance, utilizing Cu Ka radi-
ation (1 = 0.154056 nm)) was employed to investigate the crys-
talline structures of as-prepared samples with X-ray diffraction
(XRD) within the 20 range of 5°-90°. Their morphologies were
analyzed by field-emission scanning electron microscopy
(FE-SEM; Carl Zeiss). Energy-dispersive X-ray spectroscopy
(EDS) elemental mapping images were measured using an
instrument attached to the FE-SEM. The PLE and PL emission
spectra of the prepared samples were obtained by using a fluo-
rescence spectrophotometer (Scinco Fluorometer FS-2). For the
optimized sample, X-ray photoelectron spectroscopy (XPS,
K-alpha (Thermo Electron)) analysis was conducted.

3. Results and discussion

To identify the phases of the as-synthesized phosphor
samples, XRD analysis was carried out, as displayed in Fig. 1.
The XRD pattern of undoped Ca,Nb,Oq closely matched that
of PDF card 49-0910, and little difference was observed when
Eu®" ions were introduced into the host lattice, which suggests
that the Eu®" ions caused a slight change in the crystal struc-
ture when introduced into the host lattice. The radius devi-
ation (D,) between the doped and host ions was calculated
using the following equation:**

D= BB 100m (1)
- 3+
x=0.25 Ca,;Nb,04:XEu
S [x=0.2
8 [x=0.15
Zlx=0a, L,
C -
3 X 0'0‘.5] 1 ! AR
£ | x=0.01 l 1 i
x=0_, 4 b o
| 4 | PDFCard: 49-0910
10 20 30 40 50 60 70 80 90

20 (degree)

Fig. 1 XRD patterns of the prepared Ca;Nb,Oq:xEu®* (x = 0, 0.01, 0.05,
0.1, 0.15, 0.2, and 0.25, in mol) phosphors.
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where R; and Ry are the effective ionic radii of the host and
dopant ions, respectively. In this study, the dopant ion used
was Eu®" (CN = 6, Rg- = 0.95 A), and the coordination number
(CN) of Ca®" ions is either 6 (CN = 6, Rcas- = 1.00 A) or 7 (CN =
7, Rea = 1.06 A).**** To ensure that the doped crystal can be
obtained, D, should be below 30%, with D, values of Eu*'-Ca*"
calculated to be 5% and 10.37% for the coordination numbers
of 6 and 7, respectively. However, the impurity peak at approxi-
mately 29.6° increased as the dopant concentration increased,
which is attributed to the impurity phase of EuNb,0O;; (PDF
card: 33-0546), as indicated in Fig. 1 with a star. In the
CauNb,0, phosphor, when Eu’* ions occupy the sites of Ca**
ions, maintaining valence balance becomes challenging. In
such cases, the extra positive charges result in the repulsion
that prevents further substitution.>®
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To investigate the elemental composition and chemical
states of atoms in the Ca,;Nb,0q:Eu®" phosphor, XPS analysis
was performed in the energy range of 0-1400 eV and the spec-
trum is shown in Fig. 2(a). Peaks for all the elements (Ca, Nb,
O, and Eu) and additional carbon were observed. The C 1s
peak at 284.8 eV served as the calibration reference. Peaks for
Ca, Nb, O, and Eu were observed in the XPS survey scan spec-
trum. The high-resolution XPS (HR-XPS) spectra of each
element are illustrated in Fig. 2(b-e). The two peaks located at
346.53 and 350.07 eV correspond to Ca 2p,,, and 2p;),, respect-
ively,® while the peaks at the binding energies of 206.70 and
209.45 eV are associated with Nb 3d;,, and 3ds,,, respectively.®”
In the O 1s core-level spectrum, the broad peak represents a
combination of three peaks (529.58, 531.34, and 533.41 eV),*®
which are ascribed to lattice oxygen, oxygen vacancies, and
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Fig. 2 (a) Total XPS survey scan spectrum of the CasNb,04:0.15Eu** phosphor. (o—e) HR-XPS core-level spectra of Ca 2p, Nb 3d, O 1s, and Eu 3d.
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surface oxygen, respectively. The HR-XPS spectrum of Eu 3d
revealed four peaks at 1163.99, 1154.29, 1134.12, and 1124.56
eV, which belong to Eu®" 3ds,,, Eu®" 3d;/,, Eu®* 3d5),, and Eu**
3ds,, respectively.’® The appearance of the Eu** 3d peaks
suggests the presence of two Eu ion environments.

The FE-SEM images of the optimal sample
Ca,Nb,04:0.15Eu®" with various scales are presented in Fig. 3(a-
d), indicating the non-uniform microstructure of the Ca;Nb,Oq
phosphor. This is a common phenomenon observed in
materials synthesized via high-temperature solid-state methods,
which exhibited irregular shapes and agglomerations. The
elemental mapping images are compared in Fig. 3(e), demon-
strating the homogenous distribution of Ca, Nb, O, and Eu
within the compound. The peaks corresponding to Ca, Nb, O,
and Eu elements are illustrated in the EDS spectrum (Fig. 3(f)).

To investigate the band gaps of the host and optimal
samples, the diffuse reflection spectroscopy (DRS) spectra are
compared in Fig. 4(a). The Eu**-doped phosphor exhibited
absorption peaks at 300, 395, 466, and 527 nm. The band gaps
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of both the host and doped phosphor samples were estimated
using the Kubelka-Munk (K-M) function:*°

(1-R)

F(Ro) =—2 == 2

(Ru) = = )

where R, K, and S are the reflectance, absorption, and scatter-

ing coefficients, respectively. As F(R,,) is directly proportional

to K, when the Tauc equation given as eqn (3) is introduced,

the relationship between F(R.,) and energy gap (E,) can be

investigated:*'

(ahv)" = A(hv — Ey) (3)
(F(Reo) )" = A(hv — Ey) (4)

where hv represents the photon energy, A stands for a constant,
and n is a transition type-related constant. When transitions
are directly authorized, indirectly allowed, directly prohibited,
or indirectly forbidden, the n values are 1/2, 2, 3/2, and 3,
respectively. For the CasNb,Oo, 7 is 2.*° The relationship

T T T T

6 8 10 12
Energy (keV]

Fig. 3 (a—d) FE-SEM images of the CasNb,04:0.15Eu** phosphor at different magnifications. (e) Elemental mapping images and (f) EDS spectrum

of the as-synthesized phosphor.
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Fig. 4 (a) DRS spectra and (b) Tauc plots of Ca;Nb,0s host and CazNb,0O4:0.15Eu** phosphor.

between (F(R.,)hv)* and hv is obtained in Fig. 4(b). The Eg,
values were determined by the extrapolation of the tangent
drawn in this figure to zero, resulting in 4.30 and 3.71 eV. The
significant decrease in the E, value is primarily attributed to
the shrinking of the optical bandgap resulting from the
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doping of Eu®" ions, which endowed the Eu**-doped Ca,Nb,O,
phosphors with improved luminescence properties.*

Fig. 5(a) shows the comparative PLE spectra at an emission
wavelength of 615 nm for the Ca;Nb,Oq:xEu®" (where x ranges
from 0.01 to 0.25) phosphors. The wide peak at approximately
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Fig. 5 (a) PLE spectra of CasNb,Og:xEu®* (x = 0.01, 0.05, 0.1, 0.15, 0.2, and 0.25, in mol) phosphors, monitored at 615 nm, (b) PL emission spectra
of the CasNb,04:0.15Eu** phosphor excited at 300, 395, 466, and 527 nm, and (c) PL emission spectra of the Ca;Nb,Oos:xEu** phosphors excited at
395 nm. (d) Normalized emission intensity for different Eu®** ion concentrations.

10182 | Dalton Trans., 2024, 53,10178-10188

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01007h

Open Access Article. Published on 17 May 2024. Downloaded on 9/21/2024 8:29:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

300 nm is attributed to the CTB of O* ~Eu®". A series of absorp-
tion peaks from 350 to 550 nm for the f-f transition were
observed, with the peaks located at 364, 384, 395, 406, 466, and
527 nm (similar to the absorption peaks shown in Fig. 4(a))
corresponding to the "F, — °Dy, "Fo = °L,, 'Fy = °Lg, 'Fo = °Dj,
"Fy — °D,, and “F; — °D; transitions.*>** Fig. 5(b) shows the
emission spectra of the optimal phosphor with the excitation
wavelengths of 300, 395, 466, and 527 nm. With the highest PL
intensity, 395 nm was considered the ideal excitation wavelength
for the as-prepared samples. Fig. 5(c) shows the PL emission
spectra of Eu** doped phosphors with different dopant concen-
trations. The emission peaks at 588, 615, 655, and 712 nm are
ascribed to the transitions from D, to “F, (where J = 1, 2, 3, and
4), respectively.*® The results of the luminescence measurements
revealed that as the Eu®' ion concentration increased, there was
practically no change in the shapes and positions of these
peaks. As shown in Fig. 5(d), the PL intensity initially increased
and then decreased as the Eu®' ion concentration increased,
reaching a peak at 15 mol%, which could be attributed to con-
centration quenching. The critical distance (R.) can be deter-
mined based on Blasse’s model:*°
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where V, X, and Z denote the volume, critical concentration,
and cation number, respectively. For the Ca,Nb,0O, phosphor,
the values were 767.048 A®, 0.15, and 4. From this, the R, value
was obtained as 13.47 A, which was much greater than 5 A,
indicating that the concentration quenching is dependent on
multipole interactions. In addition, several types of multipole
interactions occur in concentration quenching: dipole-dipole
(d-d), dipole-quadrupole (d-q), and quadrupole-quadrupole
(q—q)-*" To determine the key interactions, an equation includ-
ing the interaction constant Q is expressed as follows:*®

I k(l +ﬁ(x)§) -

X

(6)

where I and x represent the intensity and dopant-ion concen-
tration, respectively. If Q is equal to 6, 8, and 10, the main
interactions are electric d-d, d-q, and g-q interactions. For
easier investigation, the equation can be rewritten as follows:*°

1
tog ) = ¢ - (@/3) g )
As shown in Fig. 6(a), the slope was —1.43, representing
that Q was 4.29, approaching 6. This suggests that the electric
d-d interaction enables non-radiative (NR) energy transfer of
the dopant ions in the compound. The ratios of MD transition
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Fig. 6 (a) Log(l/x) vs. log(x) plot of the integrated emission intensity and linear fitting line for the CasNb,Oo:xEu®* phosphors, (b) red and orange
color percentage and R/O ratio change with increasing the Eu®* ion concentration in the CasNb,Os:xEu®* phosphors, and (c) schematic energy level

diagram of Eu** ions in CazNb,Oq.
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(°Dy — ’F,) and ED transition (°D, — F,) are provided in
Fig. 6(b). As the Eu®" ion concentration increased, the red-to-
orange ratio (R/O) increased, which results from environment
changes. Generally, the °D, — ’F, (orange) transition is an
ultrasensitive ED transition highly sensitive to the crystal site
environment. The °D, — “F, (red) transition is an MD tran-
sition, which remains stable even when the crystal structure
changes.”®”! As the concentration of Eu®" ions rises, they con-
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tinuously occupy the sites of Ca®*, destroying the symmetry of
the structure and making the ratio shift towards D, — ’F,
transition.>* This indicates that with the increase in Eu*" ions,
the color of Ca,Nb,Oqg:Eu®" shifts towards the red side.
Interestingly, the full width at half maximum (FWHM) of the
CayNb,0,:0.15Eu®" phosphor was approximately 8 nm, which
was much narrower than those of typical red-emitting phos-
phors used in displays such as Sr,SisNg:Eu** (FWHM = 86 nm),

A
(=2

Normalized Intensity (a.u.)~

7

=
©
1

0.8 AN
‘\.0.716
0.7 4
N
0.6 \‘
0.5 4 \0

3(.)0 32.0 34;0 3;50 350 4(.)0 42.0 44;0 4&;0 4&0
Temperature (K)

0.5
(d) ®  Experimental data
e — Fitting line
-0.5
1.0
=
= 1.5
_O
€ -2.0-
2.5
301 slope =-0.26
-3.54 Adj R-Square = 0.968 n
24 26 28 30 32 34 36
1/kT

—
=ty
e

Intennal PLQY = 87.43%

3

- s
5 >
(L] 2
- 8
2| - A
= N
: 550 575 600 625 650 675 700 725 750
2 \ Wavelength (nm) l
c
o \

External PAQY = 47.82% I

\ . I |
400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 7 (a) PL emission spectra of the CasNb,O4:0.15Eu* phosphor under various temperature conditions. (b) Normalized emission intensity, (c)
contour plot of main peak intensity as a function of temperature, (d) In(/o/l — 1) vs. 1/kT plot and linear fitting, (e) PL decay curve, and (f) PLQY values
of the CasNb,04:0.15Eu>* phosphor under excitation at 395 nm and emission at 615 nm.
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CaAlSiN;:Eu®" (FWHM = 94 nm), and KSF:Mn*" (FWHM =
30 nm).>*" This performance is attributed to the hypersensi-
tive °D, — 'F, transition.>®

The luminescence spectrum in Fig. 6(c) illustrates the Eu®*
energy levels in the Ca,;Nb,O, host, which is responsible for
the excitation and emission processes. Electrons in the valence
band are excited by higher energy radiation and transferred to
the excited states. After progressing down to °D, through NR
transition, it finally descended to 7FJ (where j =0, 1, 2, 3, and
4) states, releasing the energy gap between the valence band
and conduction band as photons.®” The main absorption peak
at 395 nm showed that the as-synthesized phosphor could be
efficaciously excited by commercial UV LED chips.

To study the thermal stability, we measured the tempera-
ture-dependent PL spectra of the Cay;Nb,04:0.15Eu®" phosphor
from room temperature towards 483 K, with the results pre-
sented in Fig. 7(a). The decrease in the intensity of the main
peak can be clearly viewed in Fig. 7(b). However, the phosphor
still had 71.6% intensity at a high temperature (423 K), indicat-

(@)
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ing that the Ca4Nb,0,:0.15Eu®* phosphor has good thermal
stability. To better understand it, the contour plot of main
peak intensity as a function of temperature is shown in
Fig. 7(c). The Arrhenius equation, which is a typical formula
for obtaining the activation energy (E,), is given by:*®

Iy

It =————< 8
T cexp( ) ®

where It and I, denote the intensities at temperatures T and
0 K, respectively, and ¢ and k are constants. Through the linear
fitting shown in Fig. 7(d), we obtained an activation energy of
approximately 0.26 eV for the CayNb,04:0.15Eu** phosphor.
The lifetime curves of the Ca;Nb,04:0.15Eu®>" phosphor with
an excitation wavelength of 395 nm, monitored at 615 nm, are
shown in Fig. 7(e). The decay curve could be well-fitted using a
single exponential equation:"

T

I:IO+A><exp( t) (9)

(b)’

(0.5682,0.2758)

05 06 07 08

—§—

400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 8 (a) CIE chromaticity coordinates and photographic images of the resultant phosphor under room light and UV radiation for the
CasNb,05:0.15Eu®* phosphor. (b) CIE chromaticity coordinates and photographic images of the fabricated LED device under no bias and at a

forward bias current of 100 mA. EL emission spectra of the packaged (c) red
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where I and I, represent the luminescence intensities at times
of ¢ = 0 and ¢, respectively, A is a constant, and r is the lifetime.
In this experiment, ¢ was determined to be 0.5925 ms with an
excellent adjusted R-square value of 0.999. The PLQY of the
optimal sample CasNb,04:0.15Eu®" was obtained at the exci-
tation wavelength of 395 nm and an emission wavelength of
615 nm. The following equations are introduced for internal
and external PLQY:*°

L, I
Internal PLQY = L fem (10)
jER - jES Laps
External PLQY = Internal PLQY X Ips (11)

where Lg is the emission spectrum, and Eg and Es are the spectra
of the excitation light with and without the sample, respectively.
Therefore, the internal PLQY value of the Ca,Nb,0q:0.15Eu*"
phosphor was calculated to be 87.43%, and I,,s was 0.547. The
external PLQY value was determined to be 47.81% at an exci-
tation wavelength of 395 nm, as shown in Fig. 7(f).

The CIE chromaticity coordinate (x, y) of the optimal
sample with the excitation radiation of 395 nm and the photo-

Table 1 Comparative CRI and CCT of different phosphors

Compound CRI CCT (K) Ref.
TeO,-Zn0O-B,0;-BaO 73.2 4920 61
BazLag(Si0,):Er*/Eu®” 70.6 3946 62
Sr,NaMg,V;0,,:Eu®” 62 5100 63

BasSij; Al N,5:Eu?* 63.6 3412 64
Sr,YSbOg:Mn*'/Li* 80.2 4487 65
Ca,Nb,0g:Eu®* 80.65 3753 This work

(a) (b)

..‘.‘Lé*éf v& ‘
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graphs under normal light and 365 nm NUV light are shown
in Fig. 8(a). At an excitation wavelength of 395 nm, the
CayNb,0,:0.15Eu®>" phosphor exhibited the CIE chromaticity
coordinate of (0.6629 and 0.3344). In addition, the following
equation was used to evaluate the color purity for the red emis-
sion of the CasNb,04:0.15Eu®" phosphor under 395 nm
excitation:®°

(x—x)* + (y — i)
(xa — xi)2 + (¥4 *yi)z

Color purity = \/ (12)

where (x, ), (x;, y1), and (xq4, yq) are the CIE chromaticity coor-
dinates of the Ca,;Nb,04:0.15Eu*" phosphor, while the white
illuminant point and dominant wavelength point are (0.310,
0.316) and (0.6801, 0.3197), respectively. Therefore, the color
purity could be calculated as 95.5%, implying that the as-pre-
pared phosphor is beneficial as a red light source in WLED
applications. Additionally, the CIE chromaticity coordinates of
the fabricated red and white LED devices and their photo-
graphic images under 100 mA of forward bias current are com-
pared in Fig. 8(b). When the forward bias current was 100 mA,
the CIE chromaticity coordinate of the red-emitting LED
device was (0.5682, 0.2758), and for the WLED, it was (0.3922,
0.3845). Fig. 8(c) and (d) show the electroluminescence (EL)
spectra of the fabricated red-emitting and white LED devices
under different forward bias currents ranging from 100 to
300 mA. For the white LEDs, the correlated color temperature
(CCT) reached 3753 K, indicating that the LED could supply
outstanding warm light, and the color rendering index (CRI)
was 80.65, which exceeded the threshold for lighting and
display applications. Table 1 shows that the CRI and CCT of

B

&4

Fig. 9 Photographic images of the fabricated anti-counterfeiting film attached to plastic, glass, and card under room light (a—c) and 365 nm illumi-

nation (d—f).
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Ca,Nb,O4:Eu’" were better than those of many other phos-
phors, including the TeO,-ZnO-B,0;-BaO, BazLag(SiO4)s:Er*"/
Eu®*, Sr,NaMg,V;0,,:Eu’", BasSiy;Al;N,5:Eu®’, and Sr,YSbOg:
Mn**/Li*.®""%® Therefore, the Ca;Nb,O:Eu®" phosphor with
excellent optical properties was determined to be a feasible red
phosphor suitable for WLEDs.

These outstanding properties make the Ca,Nb,Og:Eu®*
phosphor suitable for anti-counterfeiting applications. In this
study, the phosphor was incorporated into a PVA solution for
anti-counterfeiting films. To investigate its versatility, the films
were applied to plastic, glass, and the Kyung Hee University
student card, as shown in Fig. 9(a-c), respectively. The films
appeared white and translucent under daylight irradiation,
allowing the covered information to be fully visible. However,
when exposed to UV radiation (365 nm), the patterns emitted
bright red light, making them easily discernible. These results
suggest that the Eu**-activated Ca,Nb,0O, phosphors are pro-
spective candidates for optical anti-counterfeiting films on
various substrates.

4. Conclusion

A series of advanced high-purity red-emitting Cas;Nb,Oq:Eu**
phosphors were synthesized using a high-temperature solid-
state method. XRD, XPS, FE-SEM, and EDS analyses were per-
formed to investigate the structural properties. The PL pro-
perties reached their maximum when the Eu®" ion concen-
tration was 15 mol%, and the electric d-d interaction was con-
firmed to be the main reaction in the concentration quenching
mechanism. The temperature stability of this phosphor was
good, as it remained at 71.6% when the temperature was
increased to 423 K (which is generally considered to be the
working temperature of LEDs). Moreover, no shift in PL emis-
sion peaks was observed. The Ca;Nb,0,:0.15Eu*"phosphor
had a CIE chromaticity coordinate of (0.6629, 0.3344) with a
color purity of 95.5%. Combining the resultant phosphor with
commercial blue and green phosphors enabled the fabrication
of a warm-light white LED device with CCT of 3753 K and CRI
of 80.65. From these results, the proposed red-emitting
Ca4Nb,0q:Eu*" phosphors are potential candidates for solid-
state lighting applications based on WLED. Furthermore, the
applicability of the resultant phosphors to optical security
films was verified.
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