
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 7
/2

9/
20

25
 1

1:
18

:5
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Photoluminescen
Key Lab of Advanced Transducers and

Education and Shanxi Province, College o

University of Technology, Taiyuan 030024, P

Cite this: RSC Adv., 2018, 8, 30396

Received 31st July 2018
Accepted 23rd August 2018

DOI: 10.1039/c8ra06457a

rsc.li/rsc-advances

30396 | RSC Adv., 2018, 8, 30396–304
ce properties of novel
Ba2Lu5B5O17:Eu

3+ red emitting phosphors with high
color purity for near-UV excited white light
emitting diodes

G. Annadurai, Balaji Devakumar, Heng Guo, Bin Li, Liangling Sun
and Xiaoyong Huang *

A series of new red-emitting Ba2Lu4.98�xEuxLa0.02B5O17 (0.1 # x # 1.0) phosphors were synthesized via the

high-temperature solid-state reaction method. The phase formation of the as-synthesized

Ba2Lu4.48Eu0.5La0.02B5O17 phosphor was confirmed by powder X-ray diffraction analysis. It was found

that La3+ doping resulted in the reduction of LuBO3 impurities and thus pure phase Ba2Lu5B5O17 was

realised. The morphology of Ba2Lu4.48Eu0.5La0.02B5O17 phosphors was studied by field emission scanning

electron microscopy (FE-SEM). As a function of Eu3+ concentration the photoluminescence spectra and

decay lifetimes were investigated in detail. Under excitation at 396 nm, a dominant red emission peak

located at 616 nm (5D0 / 7F2) indicated that Eu3+ ions mainly occupied low symmetry sites with a non-

inversion center in Ba2Lu4.48Eu0.5La0.02B5O17. The optimal Eu3+ ion concentration was found to be x ¼
0.5 and the critical distance of Eu3+ was determined to be 6.55 Å. In addition, the concentration

quenching takes place via dipole–dipole interactions. The phosphors exhibited good CIE (Commission

International de I'Eclairage) color coordinates (x ¼ 0.643, y ¼ 0.356) situated in the red region and a high

color purity of 97.8%. Furthermore, the internal quantum efficiency and the thermal stability of

Ba2Lu4.48Eu0.5La0.02B5O17 phosphors were also investigated systematically. The results suggest that

Ba2Lu4.48Eu0.5La0.02B5O17 may be a potential red phosphor for white light-emitting diodes.
1. Introduction

The next generation light source of solid state lighting (SSL)
technology would be the phosphor-converted white light-
emitting diodes (pc-WLEDs) which might solve the critical
issues of energy saving and reduced carbon dioxide (CO2)
emission. Compared to conventional lighting sources such as
incandescent and uorescent lamps, WLEDs have attracted
great attention owing to their numerous advantages such as
small volume, low power consumption, high brightness, better
exible design, reliability, long persistence and eco-friendly
nature.1–9 There exists a deciency of red components in the
commercially available WLEDs composed of blue emitting
InGaN LED chips coated with a yellow Y3Al5O12:Ce

3+ phos-
phor.10,11 Nevertheless, some factors that are involved in
reducing the quality of white light include a low color rendering
index (CRI), high correlated color temperature (CCT), thermal
quenching, blue-halo effect and current dependence of chro-
maticity.10,12–14 An effective solution to overcome these
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03
disadvantages would be to attain a high-quality white light by
combining a near-ultraviolet (near-UV) LED chip with three
primary (red, green and blue) colored phosphors.13,15–17

The efficiency of commercial green (ZnS:Cu+,Al3+) and blue
(BaMgAl10O17:Eu

2+) phosphors is much higher than that of
commercial red (CaS:Eu2+, Y2O2S:Eu

3+ and Y2O3:Eu
3+) phos-

phors.15,18,19 However, the sulde and oxysulde based red
phosphors have poor chemical stability and high toxicity, and
decompose at high temperature.18,20 The other commercial red
phosphors like Eu2+ activated nitride compounds (CaAlSiN3 and
Sr2Si5N8) have several drawbacks such as complex preparations
and high cost.18 Henceforth, the current research focus is to
explore novel red phosphors that can be effectively excited by
near-UV with improved stability and most importantly with
enhanced efficiency.

In addition, it is also well known that Eu3+ ion serves as an
effective activator in various inorganic host lattices, because
they can give rise to bright red emission due to the 4f–4f tran-
sitions. Generally, Eu3+ emission originates from the transitions
of 5D0 / 7FJ (J ¼ 0, 1, 2, 3, and 4).21–23 Presently, many red
phosphors such as rare-earth ions (Eu3+) activated oxides have
been investigated, including tungstates, molybdates, silicates,
borates, phosphates and vanadates. Among these, a number of
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra06457a&domain=pdf&date_stamp=2018-08-27
http://orcid.org/0000-0003-4076-7874
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06457a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008053


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 7
/2

9/
20

25
 1

1:
18

:5
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
researches have been carried out on the investigation of borates,
because these compounds are found to express high trans-
mittance in the UV region, large birefringence, and nonlinear
optical properties.24,25 As a vital factor for inorganic phosphors,
the host lattice must have good chemical and thermal
stability.26 Borate compounds have been explored extensively to
serve as distinctive luminescent host lattices for phosphors
owing to their high chemical stability, large bandgap, high
optical damage threshold, high luminescence efficiency, low
synthesis temperature.27 Borate-based phosphors are found to
have numerous applications in many elds such as optical data
storage, at panel display devices, lasers and nonlinear optics.24

In recent years, various research groups have reported Eu3+ ions
activated borate compounds such as GdB5O9:Eu

3+, Sr2ScLi(B2-
O5):Eu

3+, Sr3Bi2(BO3)4:Eu
3+, Ca3(BO3)2:Eu

3+.28–31

Recently, the efficient blue (Ba2Lu5B5O17:Ce
3+) and green

(Ba2Lu5B5O17:Ce
3+, Tb3+) phosphors was proposed by Xiao

et al.32,33 In our present work, we report a novel Eu3+ ion acti-
vated Ba2Lu5B5O17 red phosphors synthesized by solid-state
reaction. A small amount of La3+ ion doped into Ba2Lu5B5O17

enabled to reduce the LuBO3 impurities and thus realize pure
phase of Ba2Lu5B5O17. To our knowledge, there is no reported
literature available for the detailed photoluminescence prop-
erties of Ba2Lu4.98�xEuxLa0.02B5O17. The luminescence proper-
ties of excitation and emission spectra and concentration
quenching mechanism were investigated in detail. The decay
curves have also been discussed. Further, the activation energy
for the thermal quenching was determined from the
temperature-dependent luminescence intensities. The obtained
results suggest that the as-synthesized Ba2Lu4.48Eu0.5La0.02B5-
O17 would serve as a novel red emitting phosphor with potential
application for WLEDs.
2. Experimental
2.1. Materials and synthesis

The Ba2Lu4.98�xEuxLa0.02B5O17 (x ¼ 0.1, 0.3, 0.5, 0.6, 0.7, 0.9,
and 1.0) phosphors were prepared via high-temperature solid-
state reaction. High purity of raw materials were BaCO3

(analytical reagent; A.R.), Lu2O3 (99.99%), La2O3 (99.99%),
H3BO3 (A.R.) and Eu2O3 (99.99%). The stoichiometric amounts
of starting materials were thoroughly mixed in an agate mortar.
Subsequently, the homogeneous mixture was pre-heated at
470 �C for 4 h. They were then reground and sintered at 1190 �C
for 12 h in an air atmosphere. Finally, the as-synthesized
samples were cooled down to room temperature naturally and
ground again into a ne powder for further characterization.
Fig. 1 XRD profiles of the Ba2Lu5B5O17, Ba2Lu4.98La0.02B5O17 and
Ba2Lu4.98�xEuxLa0.02B5O17 (x ¼ 0.1, 0.5 and 1.0) phosphors.
2.2. Characterization

The phase formations of as-synthesized phosphors were
analyzed by powder X-ray diffraction (XRD) measurements
using Bruker D8 advance powder diffractometer. The diffrac-
tion patterns were scanned within the range of 15� # 2q # 65�

operating at 40 kV and 40 mA (step size 0.02�) with CuKa
radiation (l ¼ 1.5406 Å). The morphology and particle size of
the as-synthesized samples were characterized by eld-emission
This journal is © The Royal Society of Chemistry 2018
scanning electron microscopy (FE-SEM; MAIA3 TESCAN). The
photoluminescence (PL), PL excitation (PLE) spectra as well as
PL decay curves of phosphors were recorded on an Edinburgh
FS5 spectrouorometer equipped with both a continuous-
wavelength and a pulsed (150 W) xenon lamp. The internal
quantum efficiency (IQE) was also obtained using Edinburgh
FS5 spectrouorometer with an integrating sphere attachment.
The PL spectra at different temperatures (303–483 K) were
recorded using the same instrument equipped with a tempera-
ture controller.
3. Results and discussion

Phase purity of as-synthesized phosphors was analyzed using
powder X-ray diffraction. Fig. 1 illustrates the XRD patterns of
Ba2Lu5B5O17, Ba2Lu4.98La0.02B5O17 and Ba2Lu4.98�xEuxLa0.02B5-
O17 (x ¼ 0.1, 0.5 and 1.0) phosphors. In previous studies, Xiao
et al. reported that it was difficult to obtain pure phase of Ba2-
Lu5B5O17 due to the smaller ionic radius of Lu3+ compared to
Y3+.32,33 Furthermore, in order to stabilize the crystal structure of
Ba2Lu5B5O17, La2O3 was substituted for Lu3+ owing to its large
ionic radius. From the XRD proles, it can be seen that the
LuBO3 impurities were reduced aer a small amount of La2O3

substituting for Lu2O3.32,33 Apparently, all the diffraction peaks
of as-synthesized samples are consistent with the previously
reported data of Ba2Lu5B5O17.32,33 The crystal structure and the
cation coordination environments were investigated by Xiao
et al.32,33 In addition, the previously reported results reveal the
orthorhombic structure of Ba2Lu5B5O17 with space group
Pbcn(60); cell parameters a ¼ 17.2144 Å, b ¼ 6.5990 Å, c ¼
12.9587 Å; and cell volume (V) ¼ 1472.09 Å3.33

Fig. 2(a) demonstrates the FE-SEM micrograph of Ba2-
Lu4.48Eu0.5La0.02B5O17 phosphors prepared by solid state reac-
tion method. In general, the synthesized samples by high
temperature solid state reaction exhibit some degree of particle
RSC Adv., 2018, 8, 30396–30403 | 30397
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Fig. 2 (a) SEM micrograph of Ba2Lu4.48Eu0.5La0.02B5O17 phosphors. (b–h) Elemental mapping profiles of Ba2Lu4.48Eu0.5La0.02B5O17 phosphors.
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agglomeration with different size distribution.34 As can be seen
from the Fig. 2(a), the as-obtained micrograph shows that the
shape of the sample consists of an irregular morphology, which
was ascribed to the fundamental characteristics of high
temperature solid state reaction method.35,36 The particles are
agglomerated due to the sustained sintering time and inter-
mediate grindings. The above results clearly suggest that the
Ba2Lu4.48Eu0.5La0.02B5O17 phosphors could be useful for
potential application in WLEDs. To conrm the homogeneity of
elements in the compounds, we carried out elemental mapping.
The elemental area proles with different elements in various
colors were shown in Fig. 2(b–h). The elemental mapping
results of Ba2Lu4.48Eu0.5La0.02B5O17 phosphors disclosed that
Ba, Lu, La, B, O and Eu elements were homogeneously distrib-
uted throughout the entire particles.

Fig. 3(a) shows the PLE and PL spectra of Ba2Lu4.48Eu0.5-
La0.02B5O17 phosphors at room temperature. It can be easily
seen that the PLE spectrum monitored at 616 nm comprised of
a broad band ranging from �200 to 300 nm and a series of
sharp peaks located in the range of �300–550 nm. The broad
band centered at 282 nm can be assigned to the charge transfer
band (CTB) of O2� / Eu3+.15,37 The electron transfer from the
2p6 orbital of O2� ions to the 4f orbital of Eu3+ ions.38,39 The
sharp excitation peak belonged to the intra-congurational 4f–
4f electronic transitions of Eu3+ ions, in which the peaks
30398 | RSC Adv., 2018, 8, 30396–30403
situated at 321, 364, 382, 396, 411, 467, 524 nm correspond to
the transitions from 7F0 to

5H6,
5D4,

5L7,
5L6,

5D3,
5D2, and

5D1

levels, respectively.15,40–42 The dominant peak centered at
396 nm suggests that the phosphor can be efficiently excited by
near-UV LED chip.15

Fig. 3(a) depicts the PL spectrum of Ba2Lu4.48Eu0.5La0.02B5-
O17 phosphors (lex ¼ 396 nm). A series of sharp peaks situated
at 574, 588, 616, 655 and 707 nm correspond to the transitions
from the 5D0 excited state to the 7FJ (J ¼ 0, 1, 2, 3 and 4) ground
states of Eu3+ ions.15,40 Generally, when the Eu3+ ions are situ-
ated at the crystallographic sites with inversion symmetry, the
magnetic dipole (MD) 5D0 /

7F1 transition would be dominant;
while Eu3+ ions occupy in a site without inversion symmetry, the
electric dipole (ED) 5D0 / 7F2 transition will be dominant.43

From this spectrum, the PL intensity of (ED) 5D0 / 7F2 tran-
sition at around 616 nm was stronger than that of the (MD) 5D0

/ 7F1 transition at around 588 nm. The above result suggested
that the local symmetry of Eu3+ site belonged to the non-
centrosymmetric site in Ba2Lu4.48Eu0.5La0.02B5O17 host lattice
with benecial color purity.44

The PL spectra of Ba2Lu4.98�xEuxLa0.02B5O17 (x¼ 0.1, 0.3, 0.5,
0.6, 0.7, 0.9 and 1.0) phosphors with different Eu3+ concentra-
tion under 396 nm excitation were shown in Fig. 3(b). All the PL
spectra proles and peak positions were very similar except for
their PL intensity. The dependence of Eu3+ concentration on PL
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) PLE (lem ¼ 616 nm) and PL (lex ¼ 396 nm) spectra of Ba2-
Lu4.48Eu0.5La0.02B5O17; (b) PL spectra for Ba2Lu4.98�xEuxLa0.02B5O17 (x
¼ 0.1, 0.3, 0.5, 0.6, 0.7, 0.9 and 1.0) phosphors. Inset shows the PL
intensity as a function of Eu3+concentration.
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intensity of 5D0 / 7F2 (616 nm) transition was shown in the
inset of Fig. 3(b). It can be clearly observed that the PL intensity
enhanced with increasing the Eu3+ concentration until it
reached a maximum at x ¼ 0.5. Herein, the optimum concen-
tration of Eu3+ was determined to be x ¼ 0.5 in Ba2Lu4.98�x-
EuxLa0.02B5O17 host. Beyond the optimum concentration, the
PL intensity dramatically decreased due to the concentration
quenching effect.

The concentration quenching mechanism is oen attributed
to energy migration between Eu3+ ions. In concentration
quenching phenomenon, the critical distance Rc among acti-
vator is a signicant parameter. When Rc is less than 5 Å, the
concentration quenching is dealt to be an exchange interaction.
In other cases, the Rc value is greater than 5 Å, electric multi-
polar interaction will be the dominant mechanism for the
concentration quenching. The value of Rc can be estimated via
the following equation proposed by Blasse:45
This journal is © The Royal Society of Chemistry 2018
Rc z 2

�
3V

4pxcN

�1 =

3

(1)

herein, V stands for the volume of the unit cell, xc is the critical
concentration of Eu3+ ions, and N indicates the number of host
cations in the unit cell. For Ba2Lu4.98�xEuxLa0.02B5O17 phos-
phors, xc ¼ 0.5 and the previously reported parameters of V and
N were 1472.09 Å3 and 20, respectively.33 Therefore, Rc was
determined to be about 6.55 Å. In the present case, Rc value was
found to be greater than 5 Å, and it can be reasonable to resolve
that the exchange interaction was not responsible in Ba2-
Lu4.98�xEuxLa0.02B5O17 phosphors. Hence, the energy transfer
between Eu3+ ions mainly took place via multipolar interac-
tions. According to the Dexter's theory, the multipolar interac-
tion can be explained by the following equation:46

I

x
¼ k

h
1þ bðxÞq=3

i�1
(2)

where x is the concentration of Eu3+ ions, I=x represents the
emission intensity per activator concentration, k and b are
constants for the given host at the same excitation conditions; q
stands for the electric multipolar interaction, when the value of
q is 3, 6, 8 or 10 corresponding to the exchange interaction,
dipole–dipole (d–d), dipole–quadrupole (d–q) or quadrupole–
quadrupole (q–q) interactions, respectively.47 The eqn (2) can be
simplied by assuming b(x) [ 1:48,49

log

�
I

x

�
¼ K

0 � q

3
logðxÞ (3)

where K0 ¼ log k � log b. Fig. 4 shows the dependence of
logðI=xÞ on log(x). As can be seen from this gure, the tting
result was linear and the slope of the straight line was �1.931.
Therefore, the value of q can be calculated as �5.79, which is
mostly close to 6. This result proposed that the d–d interaction
was mainly responsible for the energy transfer between Eu3+

ions in Ba2Lu4.98�xEuxLa0.02B5O17 phosphors.
The integrated PL intensity ratio of

R ¼ Ið5D0 /7F2 Þ=Ið5D0 / 7F1Þ transitions, also known as
Fig. 4 The relationship of logðI=xÞ versus log(x) for Ba2Lu4.98�xEux-
La0.02B5O17 phosphors.

RSC Adv., 2018, 8, 30396–30403 | 30399
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Fig. 6 CIE chromaticity diagram for Ba2Lu4.48Eu0.5La0.02B5O17 red
phosphors. Inset shows the digital photograph of optimal Ba2Lu4.48-
Eu0.5La0.02B5O17 phosphors under 365 nm UV lamp.
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asymmetry ratio can be used as an index to assess the site
symmetry around the Eu3+ ions.40,50–52 The (ED) 5D0 / 7F2
transition is a hypersensitive transition as this type of transition
is really sensitive to the local environment, while the (MD) 5D0

/ 7F1 transition is insensitive to the local environment at Eu3+

site.53,54 The calculated R value for Ba2Lu4.48Eu0.5La0.02B5O17

phosphor was determined to be 2.88. The results distinctly
suggest the lack of an inversion center, and thus the Eu3+ ion is
favorable to achieve a bright red emission with high color
purity.37,55

The PL decay curves of Ba2Lu4.98�xEuxLa0.02B5O17 (x ¼ 0.1,
0.3, 0.5, 0.6, 0.7, 0.9 and 1.0) phosphors monitored at 616 nm
under excitation at 396 nm were shown in Fig. 5. All the decay
curves were almost overlapping with each other. The corre-
sponding PL decay curves can be well tted with single expo-
nential function by the following equation:56

IðtÞ ¼ I0 þ A expð�t=sÞ (4)

where I(t) and I0 are the luminescence intensities at time t and t
¼ 0, A is a constant, and s is the decay lifetime. From the tted
results, the effective decay lifetimes for 5D0 /

7F2 transition of
Ba2Lu4.98�xEuxLa0.02B5O17 (x¼ 0.1, 0.3, 0.5, 0.6, 0.7, 0.9 and 1.0)
phosphors were determined to be 1.325, 1.372, 1.409, 1.455,
1.524, 1.655 and 1.733 ms, respectively. The above results
indicated that the PL lifetime values reasonably increased with
increasing Eu3+ concentration in the structure, which can be
attributed to energy migration between Eu3+ ions.57–62 The
uorescence lifetime of Ba2Lu4.98�xEuxLa0.02B5O17 (x ¼ 0.1, 0.3,
0.5, 0.6, 0.7, 0.9 and 1.0) phosphor is short enough for potential
application in near-UV excited WLEDs applications.

Fig. 6 depicts the CIE chromaticity diagram of optimized
Ba2Lu4.48Eu0.5La0.02B5O17 phosphors under excitation at
396 nm. The corresponding CIE chromaticity coordinates were
found as (0.643, 0.356), and it is located in the red region.
Furthermore, the CIE chromaticity coordinates of Ba2Lu4.48-
Eu0.5La0.02B5O17 phosphors were nearly close to the National
Fig. 5 PL decay curves of Ba2Lu4.98�xEuxLa0.02B5O17 (x ¼ 0.1, 0.3, 0.5,
0.6, 0.7, 0.9 and 1.0) under excited at 396 nm and monitored at
616 nm.

30400 | RSC Adv., 2018, 8, 30396–30403
Television Standard Committee (NTSC) system [CIE: (0.670,
0.330)] with superior characteristics as compared to those
required for commercial Y2O2S:Eu

3+ red phosphors [CIE: (0.637,
0.327)].56 The inset of Fig. 6 shows the digital photograph of
Ba2Lu4.48Eu0.5La0.02B5O17 sample under 365 nm UV lamp. The
color purity of as-synthesized Ba2Lu4.48Eu0.5La0.02B5O17 phos-
phors is an essential factor for WLEDs application. Therefore
the color purity can be calculated through the following
expression:63

Color purity ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � xiÞ2 þ ðy� yiÞ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxd � xiÞ2 þ ðyd � yiÞ2

q � 100% (5)

here, (x,y) stands for the CIE coordinates of Ba2Lu4.48Eu0.5-
La0.02B5O17 phosphors, (xi,yi) denotes the color coordinates of
white illumination and (xd,yd) represents the coordinates of
dominant wavelength, respectively. In the present work, the
coordinates were evaluated to be (x ¼ 0.643, y ¼ 0.356), (xi ¼
0.310, yi ¼ 0.316) and (xd ¼ 0.651, yd ¼ 0.353). According to the
above equation, the color purity of Ba2Lu4.48Eu0.5La0.02B5O17

red phosphors was calculated to be 97.8%.
These results suggested that the Ba2Lu4.48Eu0.5La0.02B5O17

phosphors demonstrated good CIE chromaticity coordinates
with high color purity. Additionally, the IQE of phosphors are
a vital parameter for their potential application in near-UV
excited WLEDs application. Hence, the IQE value for Ba2-
Lu4.48Eu0.5La0.02B5O17 phosphors under 396 nm excitation was
determined as 27.1%, which is not highly sufficient. To achieve
better performance of Ba2Lu4.48Eu0.5La0.02B5O17 phosphor, the
obtained IQE value could further be enhanced by suitable
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/c8ra06457a


Fig. 7 (a) PL spectra of Ba2Lu4.48Eu0.5La0.02B5O17 phosphors (lex ¼
396 nm) with different temperature; (b) the normalized PL intensities
as a function of the temperature; (c) relationship of ln½ðI0=IÞ � 1� versus
1=kBT for Ba2Lu4.48Eu0.5La0.02B5O17 phosphors.
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experimental conditions, controlling the particle size, size
distribution, morphology and optimization of the chemical
compositions.35,64,65

In the action of high power WLEDs application, thermal
stability of phosphor is one of the important factors. Fig. 7(a)
shows the temperature dependent PL spectra of Ba2Lu4.48-
Eu0.5La0.02B5O17 phosphors from 303 to 483 K under excitation
This journal is © The Royal Society of Chemistry 2018
at 396 nm. As seen in Fig. 7(b), the normalized PL intensities of
5D0 / 7F2 transition gradually decreased as the temperature
increased from 303 to 483 K. The thermal quenching due to
the non-radiative transition from the excited luminescence
center was thermally activated by the crossing point between
the excited and ground states.40,66 The PL spectra prole
slightly changed due to a decrease in the peak intensities as
the temperature was raised above 403 K. It can be noted that
the normalized PL intensities at 423 K still remained 38.2% of
their initial intensities at 303 K. This implied that the thermal
stability of Ba2Lu4.48Eu0.5La0.02B5O17 phosphor further needs
to be enhanced. In order to further investigate the relationship
between PL intensity and the temperature, the activation
energy (DEa) for thermal quenching can be described via the
Arrhenius equation as follows:67,68

IðTÞ ¼ Io

1þ A exp
�
� DEa

kBT

� (6)

where Io is the initial PL intensity and I(T) represents the PL
intensity at various temperature, kB is the Boltzmann constant
(8.629 � 10�5 eV K�1) and A is a constant. Furthermore, the eqn
(6) can be rearranged as the following equation:66,69,70

ln

��
I0

I

�
� 1

�
¼ �DEa

kBT
þ ln c (7)

Fig. 7(c) depicts the relationship of ln½ðI0=IÞ � 1� versus
1=kBT . From the slope of linear tting, the value of DEa was
deduced to be �0.30 eV for Ba2Lu4.48Eu0.5La0.02B5O17 phos-
phors. These results suggest necessity to enhance the PL
intensity of as-synthesized phosphors for improved thermal
stability which could be obtain with the optimization of exper-
imental conditions and material compositions.71
4. Conclusions

In summary, the Ba2Lu4.98�xEuxLa0.02B5O17 (0.1 # x # 1.0) red
emitting phosphors were successfully synthesized by a tradi-
tional solid-state reaction method. The Ba2Lu4.48Eu0.5La0.02B5-
O17 phosphors can be effectively excited at 396 nm, which
matched well with the near-UV chip. Under the excitation at
396 nm, the PL spectrum showed an intense red emission sit-
uated at 616 nm, which was certied to the Eu3+ ions occupied
at low symmetry sites with non-inversion center. The optimum
concentration of Eu3+ for Ba2Lu4.98�xEuxLa0.02B5O17 phosphors
was determined as x ¼ 0.5. Also the concentration quenching
took place via the dipole–dipole interaction. The decay lifetime
of Ba2Lu4.48Eu0.5La0.02B5O17 phosphor was calculated to be
1.409 ms. As a result, the Ba2Lu4.48Eu0.5La0.02B5O17 phosphor
exhibited signicant red emission intensity, excellent color
purity (97.8%), good color coordinates (0.643, 0.356) and the
IQE of 27.1%. In addition, the activation energy for the thermal
quenching (DEa) was calculated to be 0.30 eV. The obtained
results indicate that the Ba2Lu4.48Eu0.5La0.02B5O17 red emitting
phosphors may be considered as a potential candidate for
WLEDs.
RSC Adv., 2018, 8, 30396–30403 | 30401
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