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In this study, a series of Nax(Gd;_4Eu,)>B,O7 (abbreviated as: Na,Gd,B,0,:xEu®*; x = 0, 0.05, 0.15, 0.35, 0.45,
and 0.50) phosphors were synthesized by conventional solid state reaction approach. The structure and
morphology of the as-prepared phosphors were studied by X-ray diffraction, scanning electron
microscopy and elemental mapping. The results indicated that the phosphors had micro-size particles with
monoclinic phases. The photoluminescence excitation and emission study indicated that the as-prepared
phosphors could give rise to efficient red emissions under near-ultraviolet excitation. The optimal doping
concentration of Eu®* ions was x = 0.35, and the corresponding deduced critical distance (R.) was about
9.4 A. The concentration quenching mechanism was dominated by energy-transfer among the Eu®* ions
through dipole—dipole interactions. The calculated internal quantum efficiency of the
Na,Gd,B,07:0.35Eu" red phosphor was 70.8% and the color purity was as high as 99%. Furthermore,
decay dynamics revealed that with the increase in the content of Eu*", the lifetimes decreased due to the
increase in non-radiative transition. Importantly, the present Na,Gd,B,0;:0.35Eu®* phosphors also
exhibited good thermal stability, and the emission intensity at 150 °C was about 56% of that at 30 °C.
Furthermore, a warm white light-emitting diode (WLED) device was fabricated with commercial
BaMgAlmOg:Eu2+ blue phosphors, (Ba,Sr,(SiO4):Eut green phosphors, and the as-prepared
Na,Gd,B,07:0.35Eu" red phosphors as well as a 395 nm LED chip. The device exhibited CIE coordinates
of (0.4367, 0.3987), a high color rendering index (CRI = 92.2), a low correlated color temperature (CCT =
2960 K), and a luminous efficacy of 40.65 Im W™ The observed results strongly indicate that the as-
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Introduction

The design and development of novel rare-earth doped phos-
phors are critical areas studied around the world for encoun-
tering the energy crisis."* Phosphor-converted white light-
emitting diodes (pc-WLEDs) are a boon for solid-state
lighting.>® The outstanding advantages of pc-WLEDs, such as
low power consumption, enhanced lifetime (>100 000 h),
durability, affordability and compact design, make them
promising candidates to replace traditional incandescent,
fluorescent and discharge lamps.>® The pc-WLED applications
have experienced exponential growth in the areas of indoor and
outdoor lighting.'®"" In past decades, the pc-WLEDs have been
fabricated via different approaches. Among these, a blue LED
(InGaN) chip coated with cerium-doped yttrium aluminum
garnet (YAG:Ce®") yellow phosphors produced white light.'>*3
However, the device exhibits a low color-rendering index (CRI)
and high correlated color temperature (CCT) due to the lack of
red color**™*® To overcome these shortcomings, hybridizing tri-
color phosphors was introduced to develop the pc-WLEDs.'”*®
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prepared Na,Gd,B,05:Eu** phosphors may be used as the red emitting component in pc-WLEDs.

The blended tri-color phosphors emit white light when excited
by near ultraviolet (UV) photons." Moreover, for indoor lighting
applications, high CRI and low CCT are the two crucial factors.*
Therefore, the development of novel high-efficiency red-
emitting phosphors is important and has gained considerable
attention.

Rare earth-activated red-emitting phosphors such as
Y,05:Eu®" and Y,0;S:Eu®* have been commercialized.”
However, the unstable nature of this sulfide-based phosphor
under ambient environment highly restricts the device perfor-
mance during long-time operation. These problems could be
addressed through the discovery of a novel red emitting phos-
phor which should possess high stability.'® Moreover, the Eu**
ions exhibit better narrow red emissions among the discovered
rare earth ions.”>® Eu** ions show two prominent characteristic
emission peaks in the orange-red and pure red regions due to
the °D, — ’F; and °D, — ’F, intra-configurational transitions,
respectively.”® In addition, the phosphor emission is strongly
correlated to chemical surroundings around the crystallo-
graphic site. As seen from the literature, Eu®** ion-activated
phosphor emits two distinct colors, which are induced from
magnetic-dipole transition (D, — ’F;) and electric-dipole
transition (’D, — ’F,).* If the activator prefers the inversion
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symmetry site, the magnetic-dipole transition (’D, — “F4) will
dominate, resulting in orange-red emission.** On the contrary,
when the dopant ions occupy a non-inversion symmetry site,
the resulting phosphors will exhibit pure red emissions because
the electric-dipole transition (>D, — ’F,) dominates.** Thus,
the selection of host materials is a crucial factor and decides the
final emission color of the phosphor. Accordingly, different
inorganic host materials such as sulfides, oxysulfides, nitrides,
phosphates, silicates, borates and aluminates families have
been studied for developing inorganic phosphors.**** Among
these, borates have attracted much interest due to their
inherent physical and chemical properties, such as good
thermal stability, large band-gap, ultraviolet (UV) transparency,
and high luminescence efficiency.’” Na,Gd,B,0; is an impor-
tant class of alkali earth borate phosphor.*® To the best of our
knowledge, the synthesis and luminescence properties of Eu**-
doped Na,Gd,B,0; phosphors have not been reported so far.
Hence, in the present study, we prepared novel Na,Gd,B,-
0,:Eu’" phosphors doped with different concentrations of Eu**
ions. The photoluminescence behaviors of the Na,Gd,B,0;:-
Eu’* phosphors were studied through complementary analyses
such as photoluminescence excitation (PLE), photo-
luminescence emission (PL), color coordinates, color purity,
internal quantum efficiency (IQE), luminescence lifetimes, and
temperature-dependent emission spectra. Moreover, a warm
WLED device was fabricated and the device performance was
studied under the excitation of near-UV light. The acquired
aforementioned results for the Na,Gd,B,0,:Eu’" phosphors are
discussed and compared with earlier published reports.

Experimental

Powder samples of pristine Na,Gd,B,0; and Na,(Gd; ,Eu,),-
B,O; (abbreviated as: Na,Gd,B,0,:xEu®"; x = 0, 0.05, 0.15, 0.35,
0.45, and 0.50) phosphors were synthesized by a solid-state
reaction method. The raw materials were Na,CO; (analytical
reagent, AR), H;BO; (AR), Eu,0; (99.99%), and Gd,0; (99.99%).
These raw materials were stoichiometrically weighed and
homogeneously mixed for 15 min using an agate mortar. The
homogeneous mixture powder was placed in a covered alumina
crucible and kept in the muffle furnace. The muffle furnace was
operated at 980 °C for 6 h at ambient atmosphere. Subse-
quently, the sintered samples were cooled to room temperature
and again ground for 15 min to acquire fine particles. The ob-
tained phosphors were further used for characterizations.

The phase and structural information of the as-prepared Na,-
Gd,B,0, and Na,Gd,B,0,:0.35Eu®" phosphors were obtained via
powder X-ray diffraction (XRD) using a Bruker D8 Advance
diffractometer with Cu-Ka radiation source. The morphology and
elemental distribution of the Na,Gd,B,0,:0.35Eu®>" phosphors
were analyzed using field emission scanning electron microscopy
(FE-SEM, MAIA3 TESCA). Room temperature PLE and PL spectra
were analyzed using an Edinburgh FS5 fluorescence spectropho-
tometer equipped with a 150 W Xenon lamp as the excitation
source. Color coordinates of the phosphors were examined with
the Commission International de I'Eclairage (CIE 1931) color
chromaticity system. Furthermore, the IQE was analyzed in
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integrating sphere mode using commercial BaSO, as reference.
The decay lifetimes of the Na,Gd,B,0,:Eu’" phosphors were
measured by recording decay profiles using the same spectro-
photometer and pulse Xenon lamp as an excitation source.
Temperature-dependent PL measurements were performed from
room temperature to 480 K with 20 K intervals. The temperature
was precisely controlled by a digital temperature controller.

The prototype warm WLED device was assembled by
blending commercial BaMgAl;,0,7:Eu** (BAM:Eu®") blue
phosphors, commercial (Ba,Sr),(SiO,4):Eu** green phosphors,
the as-synthesized Na,Gd,B,0,:0.35Eu®" red phosphors and
a 365 nm near-UV LED chip. The three phosphors were mixed
homogenously with epoxy resin and the mixture was coated on
the LED chip surface. Subsequently, the device performance
was examined with different forward basis currents: 20, 40, 60,
80, 100 and 120 mA.

Results and discussion

In order to analyze the phase purity and structure of the phosphor,
XRD measurements were performed for the pure Na,Gd,B,0; and
Na,Gd,B,0,:0.35Eu*>" phosphors (Fig. 1). The diffraction peaks of
the as-synthesized pure Na,Gd,B,0, were well matched with those
in the JCPDS file No 89-4442.*® The crystal structure of the Na,-
Gd,B,0, compound was found to possess a monoclinic phase with
space group P2,/c.* Furthermore, on addition of Eu** ions into
Na,Gd,B,0; host material, the observed diffraction peaks were
identical to those of pure Na,Gd,B,0. This result indicated that
Eu*" doping does not impact the phosphor structure since no
impurity peak was observed.

Moreover, in order to better understand the crystal structure
of the Na,Gd,B,0,:0.35Eu*" phosphor, refinement analysis was
performed using Fullprof program. Fig. 2(a) illustrates the
structure refinement of Na,Gd,B,0,:0.35Eu®" phosphors and
their crystallographic parameters are shown in Table 1. There is
a good agreement between the observed and calculated XRD
patterns. The crystal structure of the Na,Gd,B,0,:0.35Eu’*
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Fig. 1 X-ray diffraction patterns of the Na,Gd,B,0O; and Na,Gd,B,-
07:0.35Eu>* phosphors.
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Fig. 2 (a) Rietveld refinement of XRD data of Na,Gd,B,0,:0.35Eu®" and (b) crystal structure of the Na,Gd,B,07:Eu** phosphor.

Table1 Refined crystallographic parameters of Na,Gd»B,07:0.35Eu>*

Formula Na,Gd,B,05:0.35Eu”"
Crystal system Monoclinic
Space group P121/c1

10.6902(3) A
6.31743(19) A
10.3205(3) A
90°

90°
117.806(2)
616.51(3) A®
12.64

17.66

<™= 8 O & Q

Ry
pr%

phosphor is shown in Fig. 2(b). In this compound, the sodium
atoms have six-fold Na(1) coordination, while the boron atom
has triangular coordination. The lanthanide ions may settle in
the center of the distorted LnOg triangulated dodecahedra.
The FE-SEM micrograph images of the Na,Gd,B,0,:0.35Eu’"
phosphors are shown in Fig. 3(a). The morphology of the
phosphor was irregular and agglomerated with particle size of
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few micrometers. The histogram of the particle size distribution
was calculated and shown in Fig. 3(b). The calculated average
particle size was 1.6 um. Elemental mapping results are pre-
sented in Fig. 3(c-h). Clearly, elements Na, Gd, B, O and Eu are
observed. Furthermore, these elements are homogeneously
distributed in the particles of the Na,Gd,B,0:0.35Eu’"
phosphors.

Fig. 4(a) shows the PLE and PL spectra of the Na,Gd,B,-
0,:0.35 Eu®** phosphors. The PLE spectrum of the Na,Gd,B,-
0,:0.35Eu”" phosphor was monitored at 621 nm. The PLE
spectrum of the Na,Gd,B,0,:0.35Eu*" phosphor was composed
of a single broad band and several distinct sharp lines. This
broad excitation band located within the region of 240-310 nm
was ascribed to the O~ — Eu®" charge transfer band.* The
sharp distinct PLE peaks at 321, 363, 382, 395, 417 and 466 nm
were due to the 4f-4f forbidden transitions of Eu®** ions, cor-
responding to the transitions of 'F, — *Hs ‘F, — D, 'F, —
°L,, 'Fy — °Lg, 'Fy — °D;, and 'F, — °D,. The "F, — °Lg
transition at 395 nm had the highest intensity. These PLE
results depicted that the as-prepared Na,Gd,B,0,:Eu®" phos-
phors would be appropriate candidates for pc-WLEDs device

38 {e)

a image, istogram of the particle size distribution, and (c—h) elemental mapping of Na,Gd»B,0:0.35Eu** phosphors.
(a) SEM i (b) hi f th icle size distributi d (c-h) el l i f Na,Gd,B,07:0.35Eu>" phosph

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06607h

Open Access Article. Published on 24 September 2018. Downloaded on 10/19/2025 9:14:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
(a) ® & (b) —X=0.05 (c)
w ~ °
— Emission-621 T
__ Excitation-395 & - o e
- ~ 5 %
= = . :_ /
< ~ S s
el 2
2 @ %‘
7] c 2
€ 2 2
£ . £
- 0 %
360 460 560 660 760 550 600 650 700 750 0.0 0.1 " 0.2 0.3 . 0.4 0.5
Wavelength (nm) Wavelength (nm) Eu™ Concentration (x)
(d) 45
@ Data (e) =
0:751 —— Liner fit w ®
~ 1)
0.70- - -
8 2
% 065 = 2
5 L'-:l 4.0 o i)
9 66 Sl =l ~ 0/9\9 == TSe £ |05 c=ts0ams, R:=049
® o N -~ X=0.15, 1 =1.578 ms, R'=0.998
(=) g’ ——— X=0.25, t=1.571 ms, R’=0.998
0.55 5 g - X=0.35, t=1.563 ms, R’=0.998
o ——— X=0.45, t=1.419 ms, R’=0.998
0.50 T r T T E 3.5 T . . . T ——— X=0.50, t=1.257 ms, R’=0.998
-0.45 -0.40 -0.35 -0.30 0.0 0.13+ 0.2 0.3 .0.4 0.5 0 é “‘ é é 1'0
log (x) Eu”*Concentration (x)

Time (ms)

Fig. 4 (a) PLE spectrum and PL spectra of Na,Gd,B,0-:0.35Eu>" phosphors. (b) PL spectra of Na,Gd»B,O5:xEu** phosphors with different Eu®*
concentrations (x = 0.05, 0.15, 0.25, 0.35, 0.45, and 0.50). (c) Influence of the Eu** concentration on the emission intensity. (d) Plot of log(//x) vs.
log(x) for the Eu®* 621 nm emission in Na,Gd»B,O7:xEu>* phosphors. (e) The integrated intensity ratio (R/O) of [°Dy — “F2)/(°Dg — F1)] as
a function of Eu** concentrations in Na,Gd,B,O7:xEu®* phosphors. (f) Decay curves of Na,Gd,B,O:Eu®* phosphors monitored at 621 nm with

an excitation wavelength of 395 nm.

pumped by near-UV light.** As shown in Fig. 4(a), upon excita-
tion at 395 nm, the obtained PL spectrum displays a group of
narrow emissions centered at 577, 585, 621, 659, and 700 nm
due to the transitions of °Dy — F,, °Dy — Fy, °Dy — 'F,, °Dy
— 7F;, and °D, — ’F,, respectively.”? The primary D, — ’F,
transition is known as the magnetic dipole (MD) transition,
while the D, — ’F; transition belongs to the electric dipole
(ED) transition. The MD transition is strongly influenced by the
surrounding chemical environment. In sharp contrast, the ED
transition is independent of the coordination surroundings
around the crystallographic site.** However, the dopant (Eu®")
ions can occupy either an inversion symmetry site or a site
without inversion symmetry in the host lattice. When the Eu**
ions occupy an inversion symmetry site in a coordination
surrounding, the °D, — ’F, transition has higher intensity than
the °D, — ’F, transition, and the Eu*" ions exhibit orange-red
emission.* Similarly, when Eu®" ions occupy a crystallo-
graphic site without inversion symmetry, the red emission due
to °D, — ’F, transition will be dominant and thus, the Eu®**
ions will produce pure red emissions.* In Na,Gd,B,0,:0.35Eu”"
phosphors, the red emission at 621 nm, owing to the D, — “F,
transition, exhibited the highest emission intensity; therefore,
the Eu* ions occupied sites without inversion symmetry in the
Na,Gd,B,0- host lattice.

In order to obtain the relationship between PL intensity and
Eu®" concentration, PL spectra of the Na,Gd,B,0:xEu®" phos-
phors with various concentrations of Eu** ions were measured

This journal is © The Royal Society of Chemistry 2018

and shown in Fig. 4(b). The profiles of the obtained PL spectra
were almost identical and no peak shift was observed. More-
over, with an increase in the Eu®*" concentration, the PL inten-
sity increased accordingly until x = 0.35, as shown in Fig. 4(c).
Furthermore, when the Eu®" concentration was above x = 0.35,
the PL intensity decreased due to concentration quenching.*
Concentration quenching was observed owing to the non-
radiative energy transfer to the neighbouring Eu®" ions. The
concentration quenching mechanism is highly influenced by
the critical distance (R.) between neighbouring Eu®" ions. Based
on R. values, the energy transfer for concentration quenching
can be involved in different mechanisms. When R, is less than 5
A, the mechanism for concentration quenching can be attrib-
uted to an exchange interaction. When R, exceeded 5 A, electric
multipolar interaction would be the mechanism for concen-
tration quenching. To calculate the R. values of the Na,Gd,B,-
0,:Eu’" phosphors, the following expression was used:*’
3 P
r=2[ 2 LA 1)
where V is the volume of the unit cell, X refers the activator
critical doping concentration and Z represents the number of
formula units per unit cell. For Na,Gd,B,0,:Eu®" phosphors, V
=617.5 A, X; = 0.35 and Z = 4. The obtained R, was 9.4 A, which
was higher than 5 A. Thus, the concentration quenching
mechanism should be the electric multipolar interaction in
Na,Gd,B,0,:Eu*" phosphors. Moreover, the detailed energy

RSC Adv., 2018, 8, 32948-32955 | 32951
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transfer mechanism for concentration quenching can be
examined using the following expression:*’

I 071

= K[l n 5(x)3] @)
where I is the emission intensity, X denotes the dopant concen-
tration, K and @ are constants for the given host at the same
excitation, 6 is a constant for multipolar interaction, which varies
between 6, 8 and 10, corresponding to the electric dipole-dipole,
dipole-quadrupole, and quadrupole-quadrupole interactions,
respectively.”®* § can be estimated from the plot of log(7/x) vs.
log(x). Fig. 4(d) represents the plot of log(Z/x) vs. log(x), and the
experimental data were effectively linearly fitted. The slope of the
line was found to be —1.3 and the calculated 6 was 4.2. The
determined 6 is close to 3 and hence, luminescence quenching
mechanism could be attributed to the nonradiative energy
transfer among the nearest neighbors.'>?*%0->

In addition, the integrated red/orange (R/O) emission
intensity ratio of the (°D, — ’F,) and (°D, — ’F,) transitions
was calculated to understand the site symmetry of the Na,-
Gd,B,0,:Eu*" phosphors. Fig. 4(e) illustrates the R/O intensity
ratio of [°D, — ’F,)/(°Dy — ’F;)] as a function of Eu®*
concentration in the Na,Gd,B,0,:xEu®* phosphors. The calcu-
lated intensity ratio was 3.8, 3.9, 3.9, 3.9, 3.9 and 3.9 for x = 0.05,
0.15, 0.25, 0.35, 0.45 and 0.50, respectively. The calculated R/O
was higher than unity for all the samples. This result further
proves that the Eu®*" ion occupies non-centrosymmetric sites in
the Na,Gd,B,0,:Eu*" phosphors.

The decay curves of Na,Gd,B,0,:xEu®" phosphors with
different Eu®* concentrations were measured upon excitation at
395 nm and by monitoring the emission at 621 nm, as presented
in Fig. 4(f). The measured decay curves were well fitted with the
first-order exponential equation, and the lifetimes of 621 nm
emission were determined by the following expression:**

I, =1+ Aexp (?) (3)

where I, denotes emission intensity at ¢ = 0, I, refers the emission
intensity at time ¢, A is the decay constant, and 7 is the average
lifetime. From the decay curves, the average lifetimes were
calculated as 1.604, 1.578, 1.571, 1.563, 1.419 and 1.257 ms for
the samples with Eu®>* concentrations of x = 0.05, 0.15, 0.25, 0.35,
0.45 and 0.50, respectively. The calculated lifetimes of the Na,-
Gd,B,0,:xEu’" phosphors were found to be in the millisecond
range and the single exponential fitting revealed that the Eu®*
ions may be occupied in mono sites.> The obtained fluorescence
lifetime was decreased with the increase in the concentration of
Eu®" ions. By increasing the concentration of Eu** ions, the
distance between the neighbouring Eu** ions will be reduced and
the energy will be transferred through a non-radiative pathway.
Color coordinates of the Na,Gd,B,0,:xEu’* phosphors were
analyzed using computer imaging software given in CIE 1931
(Commission Internationale de 1'Eclairage) color chromaticity
diagram. The calculated CIE coordinates were shown to be
(0.650, 0.349), (0.652, 0.347), (0.652, 0.347), (0.652, 0.347),
(0.653, 0.346) and (0.652, 0.346) for x = 0.05, 0.15, 0.25, 0.35,
0.45 and 0.50, respectively. Fig. 5 denotes the CIE coordinates of

32952 | RSC Adv., 2018, 8, 32948-32955
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the Na,Gd,B,0,:0.35Eu®" phosphors, commercial Y,0;:Eu**
phosphors and National Television Standard Committee
(NTSC) for red phosphors. Clearly, the CIE coordinates of the
Na,Gd,B,0,:0.35Eu®" phosphor [CIE: (0.652, 0.347)] were close
to that of NTSC red phosphors [CIE: (0.67, 0.33)], and was better
than that of the commercial Y,0,S:Eu®*" phosphor [CIE: (0.63,
0.35)].*> Furthermore, the inset in Fig. 5 shows the digital
images of the as-prepared Na,Gd,B,0,:0.35Eu®" phosphors’
illumination under natural sunlight and a 365 nm UV lamp.
Upon UV light exposure, the phosphors emitted pure red color.

Furthermore, to better understand the phosphor emission,
the color purity of the Na,Gd,B,0,:0.35Eu®" phosphor was
calculated using the given equation:*®

\/(x - xee)2 + (- yee)z

(xd - xee)2 + (yd - yee)2

Color purity =

x 100%  (4)

where (x, y) refers to the CIE coordinates of the Na,Gd,B,-
0,:0.35Eu”" phosphor, (x4, y4) expresses the CIE coordinates of
the dominant wavelength points and (Xee, yee) refers to the CIE
coordinates of white illumination. The obtained values of (x =
0.652,y = 0.347), (xq = 0.655, yq = 0.347) and (Xee = 0.310, Jee =
0.316) were substituted in the above expression. The calculated
color purity of the Na,Gd,B,0,:0.35Eu>" phosphor was about
99%. These results indicated that Na,Gd,B,0,:0.35Eu®" phos-
phors had high color purity and admirable CIE coordinates.

In addition, the IQE of Na,Gd,B,0-:0.35Eu>" phosphor was
determined. Fig. 6(a) represents the excitation line and the
emission spectrum of BaSO, and Na,Gd,B,0,:0.35Eu®>" phos-
phors. The IQE was determined using the following expression:*

J Ls

Noe = m% (5)

where Ls denotes the emission spectrum of the sample, Ey refers
the excitation light spectrum without sample, and Eg indicates the

Y,0,S:Eu®

0.4 05 06 0.7

Fig. 5 CIE chromaticity diagram of Na,Gd,B,07:0.35Eu** and
Y,0,S:Eu** phosphors. Inset: photographs of Na,Gd,B,0;:0.35Eu**
under daylight (A) and 365 nm UV lamp (B).
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Fig.6 (a) Excitation line of BaSO,4 and the emission spectrum of Na,Gd,B,0:0.35Eu** phosphors collected using an integrating sphere. (b) The
PL spectra of the as-prepared Na,Gd»B,0:0.35Eu®" and commercial Y,0,S:Eu®* phosphors under 395 nm excitation. (c) Comparison of the
integrated PL intensity of the as-prepared Na,Gd,B,0,:0.35Eu** and commercial Y,0,S:Eu®* phosphors excited at 395 nm. (d) Temperature-
dependent PL spectra of Na,Gd»B,07:Eu** phosphors excited at 395 nm. (e) Normalized PL emission intensity at different temperatures. (f) The
linear fitting curve of In(lo/l — 1) versus 1/kT for the Na,Gd»B,07:Eu** phosphors.

spectrum of the light used to excite the sample. Accordingly, the
calculated IQE of the Na,Gd,B,0,:0.35Eu>" phosphor was 70.8%.
The obtained IQE was greater than some previously reported Eu**-
activated red phosphors, such as Ba,SiO, (IQE: 55%), and
LiGdF4:Eu (IQE: 32%).°** Moreover, the PL spectrum of the Na,-
Gd,B,0,:0.35Eu>" phosphor was compared with that of the
commercial Y,0,S:Eu®>" phosphor under excitation of 395 nm, as
shown in Fig. 6(b). It can be seen from Fig. 6(c) that the integrated
PL intensity of the Na,Gd,B,0:0.35Eu®" phosphor was about 4.7-
fold higher than that of commercial Y,0,S:Eu®" red phosphor.*®!
Thermal stability of the Na,Gd,B,0,:0.35Eu°" sample was exam-
ined from room temperature to 210 °C upon excitation of 395 nm.
The temperature-dependent PL spectra are illustrated in Fig. 6(d).
Clearly, no apparent shift was observed in the peaks in the PL
spectra with the increase in the temperature. On the contrary, the
emission intensity declines with the increase in the temperature
owing to thermal quenching caused by non-radiative
transitions.

As seen in Fig. 6(e), the emission intensity at 150 °C (423 K) is
approximately 56% of that at room temperature. This value is
higher than that obtained for some previously reported Eu®*
ion-activated red phosphors, such as LaSiO,N:Eu*" (42.3%) and
Gd,ZnTiOgEW" (51%).5%%3

Furthermore, the activation energy of the Na,Gd,B,0,:0.35-

Eu’" phosphors was determined using the following expression:*’

I=1[1+c exp(—E,/kT)]" eV (6)

This journal is © The Royal Society of Chemistry 2018

where I, is referred to as room temperature PL intensity, c is
a constant for any given host, k refers the Boltzmann constant
(8.62 x 107> eV), and I is the PL intensity at a periodic
temperature interval. The plot between In(Iy/I — 1) vs. 1/kT is
shown in Fig. 6(f) and the data is effectively linearly fitted with
a slope of —0.148. Then, the activation energy of thermal
quenching for the Na,Gd,B,0,:0.35Eu®" phosphor was calcu-
lated to be 0.148 eV.*** Thus, the temperature-dependent PL

el
- -
3 0.8
S Na,GdyB,07:Eu>"
> 0.6
.
2
o 0.4
= ] (Ba,Sr),Si0:Eu?*
-_ N-UV- chip SH2e e
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Fig. 7 Electroluminescence spectrum of the as-fabricated WLED
lamp with 395 nm near-UV chip and BAM:Eu?", (Ba,Sr),SiO4 Eu* and
Na,Gd,B,07:Eu** phosphors driven by 20 mA.
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studies strongly emphasized that the Na,Gd,B,0,:0.35Eu®*
phosphors have outstanding thermal properties.

In order to realize practical applications, a WLED device was
fabricated using a 395 nm UV LED chip and phosphor blends of
commercial BAM:Eu®" blue phosphors, commercial (Ba,Sr),(-
Si0,):Eu®" green phosphors and the as-synthesized Na,Gd,B,-
0,:0.35Eu®*  red phosphors. Fig. 7 shows the
electroluminescence (EL) spectrum of the fabricated WLED
device under an operating current of 20 mA. Digital photo-
graphs of WLED with and without driving current are shown in
the inset of Fig. 7. The obtained CIE coordinates, CCT, CRI, and
luminous efficacy were found to be (0.4367, 0.3987), 2960 K,
92.2, and 40.65 Im W™, respectively. These results suggest that
the Na,Gd,B,0,:0.35Eu®" red emitting phosphor may be
applied in warm LEDs for indoor lighting.

Conclusions

In conclusion, we successfully prepared a series of novel red
emitting Na,Gd,B,0,:xEu®" phosphors through solid state
reactions. The excitation spectra evidenced that the phosphor
could be efficiently excited by near-UV light. The Eu®*" ions
occupied the non-centrosymmetric lattice site since the phos-
phor showed pure red emission at around 621 nm. The optimal
dopant concentration of Eu*" ions in Na,Gd,B,0,:xEu®" phos-
phors was x = 0.35 and the corresponding critical distance (R.)
was found to be 9.4 A. The color coordinates and color purity of
the Na,Gd,B,0-:0.35Eu** phosphors were found to be (0.652,
0.347) and 99%, respectively. The measured IQE was 70.8% for
the Na,Gd,B,0,:0.35Eu®>" phosphor and its integrated PL
intensity was 4.7-fold higher than that of the commercial
Y,0,S:Eu®" red phosphor. At 150 °C, the emission intensity
remained at approximately 56% of that at room temperature.
Finally, a warm WLED device was fabricated with commercial
BaMgAl,,0,,:Eu** blue phosphors, (Ba,Sr),(SiO,):Eu* green
phosphors, and the as-prepared Na,Gd,B,0,:0.35Eu’" red
phosphors as well as a 395 nm LED chip. The device showed CIE
coordinates of (0.4367, 0.3987), high CRI (92.2), low CCT (2960
K), and luminous efficacy of 40.65 Im W~". The overall results
indicated that the Na,Gd,B,0,:Eu** phosphors could be favor-
able red phosphor candidates for the application in pc-WLEDs
under near-UV excitation.
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