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BasEu(BOs)s (BEB) and Lu®* doped BEB red phosphors were successfully synthesized by a high-
temperature solid-state reaction method. X-ray diffraction (XRD) patterns, excitation and emission
spectra, decay lifetimes, CIE coordinates, internal quantum efficiency, and thermal stability of these
phosphors were systematically studied. Under 395 nm excitation, these phosphors exhibited high-
brightness red emissions centred at 611 nm. In addition, it was found that doping appropriate amounts of
Lu®* ions into BEB phosphors can improve their photoluminescence intensity and internal quantum
efficiency. The integrated emission intensity of BEB:0.3Lu** phosphor was about 1.34 times that of BEB
phosphor. Compared with commercial red phosphor Y,0,S:Eu®*, BEB:0.3Lu** phosphor showed better
color purity (91.4%) and higher emission intensity (about 3.25 times). Surprisingly, the BEB:0.3Lu®*
phosphor had a high internal quantum efficiency of almost 87%, which was higher than that of 83% for
BEB phosphors. Meanwhile, the BEB:0.3Lu** phosphors also exhibited good thermal stability with
activation energy around 0.14 eV, and the integrated emission intensity at 423 K remained about 52% of
that at 303 K. Finally, by using commercial BaMgAlmOg:Eu2+ blue phosphors, commercial
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ultraviolet-emitting light-emitting diode (LED) chip, a prototype warm white LED device was fabricated,
which showed good color rendering index (CRI = 84.7) and low correlated color temperature (CCT =

rsc.li/rsc-advances 3377 K).

Introduction

Over the past decades, inorganic luminescent materials with
outstanding optical properties have been extensively investi-
gated because of their promising applications in a variety of
fields, such as white light emitting diodes (WLEDs), fluorescent
lamps, multicolor displays, solar cells, sensors, plant growth,
and bioimaging."® Among of them, red-emitting phosphors, as
the supplement of red light for white light emitting diodes
(WLEDs), are commonly used to improve the inefficient
performance of commercial WLEDs. This type of WLED, which
was fabricated using a blue chip coated with yellow
Y;Al;04,:Ce®" phosphor, suffered from low color rendering
index (CRI < 70) and high correlated color temperature (CCT >
7000),”** due to the deficiency of a red component.'*° Recently,
a new type of WLED emerged, which was fabricated by using
red, green, and blue (RGB) phosphors and the near ultraviolet
(NUV) chips, because its CRI as well as CCT were improved
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tremendously (CRI > 80 and CCT < 6000).>*> As the red
candidate component in this new type of WLED, Eu®** ion-based
inorganic red phosphors were extensively investigated because
of the bright red light emission arising from the °D, — ’F,
transition of Eu®" ions.?*** However, different hosts would
influence the performance of Eu®*,>** such as internal
quantum efficiency, photoluminescence thermal stability, and
color purity.”**?”

Borates are good hosts for making phosphors have been broad
applied in lighting and displays field due to their low synthesis
temperature, good chemical stability and various crystal struc-
tures.®**' In this work, we investigated the photoluminescence
properties of a red-emitting host, BazEu(BOs); (BEB), which
belongs to trigonal structure with space group R3, and its cell
parameters a = 13.071 A, b =13.071 A, ¢ = 9.563 A.* In addition,
we doped Lu®* ions into the Eu*" ions sites to enhance the pho-
toluminescence of red emitting BEB:xLu>" (x = 0, 0.1, 0.3, 0.5, 0.7,
0.9) phosphors. By characterizing XRD, PL and PLE spectrum as
well as decay lifetime of these phosphors, we found that
substituting part of Eu®* ions by Lu*" can enhance the photo-
luminescence intensity, decay lifetimes and internal quantum

This journal is © The Royal Society of Chemistry 2018
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efficiency of BEB phosphor. Surprisingly, the optimal phosphor
BEB:0.3Lu’" presented better internal quantum efficiency (IQE:
87%) than some other reported red phosphors, such as NasSc,(-
PO,);:0.35Eu’" (IQE: 49%) and MBaY,_,Eu,(BO;), (IQE: 48%).1**
Moreover, the phosphors possessed good thermal stability (the
photoluminescence intensity at 423 K was about 52% of that at 303
K). Finally, for investigating the application of the red emitting
BEB:xEu*" phosphors, we made a fabricated prototype warm
WLED device by coating our red BEB:0.3Lu*", commercial blue
BaMgAl,,0,,:Eu”* (BAM:Eu*") and green (Ba,Sr),SiO4:Eu*" phos-
phors on a 395 nm-emitting (NUV) chip.**

Experimental

A series of BEB:xLu®*' (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0)
samples were successfully synthesized via a conventional high-
temperature solid-state reaction. H3zBO3; (99.9%), BaCOs;
(99.9%), Lu,03 (99.99%), and Eu,0; (99.99%) were used as raw
materials. According to the stoichiometric ratio, these raw
materials were weighed and ground in an agate mortar to ach-
ieve uniformity. In order to compensate the volatilization, the
amount of H;BO; was in excess of 5 wt%. Then these uniform
mixtures were put in the alumina crucibles and sintered at 1373
K for 4 h. After that, the furnace cooled down naturally to room
temperature, and the final products were ground and collected
for further characterization.

The X-ray diffraction (XRD) patterns of the phosphors were
recorded on a Bruker D8 X-ray diffractometer by using Cu Ko
radiation ranging with 10-80° at step rate of 0.02°. The room-
temperature photoluminescence emission (PL) and photo-
luminescence excitation (PLE) spectra and luminescence decay
lifetimes of phosphors were measured by Edinburgh FS5 spec-
trometer equipped with a 150 W continued- and pulsed-
wavelength xenon lamps. Temperature-dependent PL spectra
were recorded by using same spectrophotometer and detectors
equipped with a temperature controller. The internal quantum
efficiency (IQE) of the samples was measured on an Edinburgh
FS5 spectrometer equipped with an integrating sphere coated
with BaSO,.

The commercial blue BAM:Eu**, green (Ba,Sr),SiO:Eu*, and
our red BEB:0.3Lu’" phosphors were mixed with silicone thor-
oughly, and the obtained phosphor-silicone mixture was coated
on the surface of the LED chips to fabricate WLED device. The
photoelectric properties of the fabricated devices were
measured by using an integrating sphere spectroradiometer
system (HAAS2000, Everfine). WLEDs were operated at 3 V with
various drive currents of 20, 60, 120, 180, 240, and 300 mA,
respectively. The spectral power distributions of WLEDs were
measured using a corrected spectrometer to calculate their
values of CCT and CRI.

Results and discussion

Phase formation

The XRD patterns of BEB:xLu** (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and
1.0) were presented in the Fig. 1. As can be seen, the XRD
profiles of samples were not all corresponding to one critical

This journal is © The Royal Society of Chemistry 2018
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Fig.1 XRD patterns of BEB:xLu** (x=0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0)
phosphors. The standard data of BLB (JCPDS-45-0320) and BEB
(JCPDS-52-0373) were shown.

JCPDS card. Interestingly, the crystal phase of phosphors were
divided into two groups and changed from BEB (JCPDS-52-0373)
to BazLu(BO;); (BLB) (JCPDS-45-0320) upon increasing the
concentration of Lu®*" ions. The phosphors (x < 0.5) were coin-
cided with BEB phase, whereas other phosphors (x > 0.5) were
consistent with BLB phase. However, the two phases were co-
existent in BEB:0.5Lu®" sample by comparing its XRD peaks
with the above two JCPDS cards. It is suggests that the
BEB:0.5Lu®" phosphor was a mixed phase compound. Accord-
ingly, the explanation for above result is the difference of ionic
radius of Eu®" (0.947 A) and Lu®" (0.861 A).* Owing to the fact
that Eu®" ions were replaced by smaller Lu®" ions, the crystal
space group changed from R3 (148) of BEB to P6;cm (185) of
BLB.**

Luminescence properties of BEB:xLu**

In order to investigate the photoluminescence properties of
Eu®', the PLE and PL spectra of BEB:xLu®" (x = 0, 0.1, 0.3, 0.5,
0.7, 0.9) phosphors were recorded and shown in the Fig. 2. As
presented in the Fig. 2(a), the PLE spectra of phosphors had
same profiles, although they belonged to two different phase. It
can be clearly seen that several sharp peaks centered at 323 nm
("Fy — °H; transition), and 363 nm ("F, — °D, transition),
384 nm ("F, — °G; transition), 395 nm ('F, — °Le transition),
415 nm ("F, — °D; transition), 465 nm ('F, — °D, transition),
and 527 nm ("F, — °D; transition).***>* However, there were
some differences on PL spectra, which were described in
Fig. 2(b). Under excited at 395 nm, all phosphors presented
a series of characteristic emissions, which located at 590 nm
(°Dy — ’F, transition), 611 nm (°D, — ’F, transition), 656 nm
(°Dy — "F; transition), and 705 nm (°D, — “F, transition).'*%2-%
However, with doping Lu®*" ions into BEB, the PL intensity
increased until x = 0.3 (the intensity of BEB:0.3Lu’* was almost
1.34 times of that of BEB), and then dropped rashly after doping
Lu’" ions heavily. The results can be explained by the concen-
tration quenching of Eu®* ions. In other words, doping Lu**
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Fig. 2 (a) PLE spectra and (b) PL spectra of BEB:xLu®>* (x = 0, 0.1, 0.2, 0.3, 0.5, 0.7, and 0.9) phosphors. (c) Digital photographs BEB:xLu**

phosphors with different Lu®* contents (1: x = 0.9; 2: x = 0.7; 3: x = 0.5;

BEB:xLu** phosphors.

ions in BEB host can alleviate the concentration quenching and
enlarge the distance of two adjacent Eu®" ions. The distance
(hereafter abbreviated as R.) can be calculated by the following
formula:*”

1/3
R.=2 3V
4tCN

3+

1)

where C is the concentration of Eu”" ions, N is number of
available crystallographic sites occupied by the activator ions in
the unit cell, and V is the cell volume. For the BEB host, the V, C
and N were 1415 A%, 1, and 7, respectively. Accordingly, the R, of
BEB host was determined to be 7.28 A, while the R. of
BEB:0.3Lu*" was calculated to be about 8.20 A. Studied by
Dexter, stretching the distance between two adjacent Eu®" ions
through doping Lu®" ions can reduce the possibility of cross
relaxation (°D; + “F, = °D, + "F;) between two neighboring Eu**
ions.””*® Therefore, doping Lu** ions to increase the distance
between Eu®" ions can be regarded as a great method to
enhance PL intensity of BEB phosphor.

Interestingly, the emission color of BEB:xLu*" phosphors
can also be influenced by the concentration of Lu**. As shown in
Fig. 2(c), the emission colors of phosphors under a 365 nm UV
lamp changed from red to orange by increasing Lu®" ions
content. Furthermore, the calculated coordinate value (x, y) of
the Commission Internationale de L'Eclairage (CIE) and R/O
values for the ratio of red to orange, which symbolized the

33712 | RSC Adv., 2018, 8, 33710-33716

4:x=0.3;5:x=0.1, and 6: x = 0). (d) Photoluminescence lifetimes of

ratio of °Dy — F, to D, — “Fy, were listed in Table 1. Similarly,
CIE coordinates for the phosphors shifted apparently from
orange to red (sample 1 (BEB:0.9Lu*") to sample 6 (BEB), shown
in Fig. 2(c)). This phenomenon is due to the different transi-
tions of °D, — F; and °D, — ’F,, which can generate orange
and red emissions, respectively. Therefore, the R/O value could
affect the CIE coordinates of phosphors.

The decay curves of all phosphors were also recorded and
demonstrated in Fig. 2(d). The fluorescence average lifetimes t
can be obtained by the following formula:**°

1(t) = I exp(—t/t) (2)
where I refers to intensities, and 7 represents the corresponding
decay time for the exponential components, respectively. The
obtained decay lifetimes of °D, — ’F, transition were

Table 1 The comparisons of different properties for BEB:xLu®*
phosphors

BEB:xLu** R/O CIE (x, ) IQEs

x=0 2.55 (0.644, 0.351) ~83%
x=0.1 2.41 (0.642, 0.353) ~84%
x=0.3 2.29 (0.640, 0.354) ~87%
x=05 2.21 (0.638, 0.356) ~75%
x=0.7 2.06 (0.638, 0.353) ~66%
x =09 1.85 (0.604, 0.348) ~57%

This journal is © The Royal Society of Chemistry 2018
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Fig.3 Temperature-dependent PL spectra of (a) BEB:0.3Lu** and (b) BEB phosphors excited at 395 nm (The insets show normalized PL intensity
as a function of temperature.). The plots of In(lo/I — 1) versus 1/kT and the calculated activation energy (E,) for (c) BEB:0.3Lu®* and (d) BEB

phosphors.

determined to be 1.84, 1.95, 2.19, 2.18, 2.08, and 1.68 ms for x =
0,0.1, 0.3, 0.5, 0.7, and 0.9. Obviously, with increasing Lu®** ions
concentration, the lifetimes of Eu®' ions rose and reached
a maximum peak when x = 0.3, then dropped rashly. The
reason of this phenomenon can be attributed to the fast non-
radiative energy transfer between the adjacent Eu®* ions: Lu**
ions substituted a part of Eu®" ions can alleviate the probability
of non-radiative energy transfer by enlarging the distance of
Eu’'-Eu®'. However, the loss of luminous centers (Eu®" ions)
result in the decline on Eu®" lifetimes,* which can explain the
decline trend after x > 0.3.

In order to investigate the effect on thermal stability of
BEB:xLu** phosphors, measured the temperature-
dependent emission spectra of BEB:xLu®" phosphors. The
temperature dependent PL spectra of representative BEB and
BEB:0.3Lu®" phosphors were shown in Fig. 3. As shown in the
Fig. 3(a) and (b), the emission intensities at 423 K remained
about 55% and 52% of that initial intensities at 303 K for BEB
and BEB:0.3Lu’" phosphors. Moreover, the values of other
phosphors were within a range of 50% to 55%, demonstrating
that BEB:Lu®*" phosphors possess good thermal stability.

To better understand the thermal effect on the PL intensity
of the phosphors, the activation energy was calculated accord-
ing to the modified Arrhenius equation, which can be used to fit
the thermal quenching data for activation energy
calculation:?%2*¢°

we

This journal is © The Royal Society of Chemistry 2018

E,
*ﬁ+ln C

-
in which I, is the initial emission intensity, Ir is the intensity at
temperature T, E, is the activation energy, C is a constant for
a certain host and k is the Boltzmann constant, respectively.
Fig. 3(c) and (d) show the plot of In[(Zy/I) — 1] vs. 1/kT, and the
experimental data can be linear fitted with slopes of —0.14 and
—0.12 for BEB:0.3Lu®" and BEB phosphors, respectively. Thus
the activation energy of thermal quenching for BEB:0.3Lu>" was
around 0.14 eV.

In order to further investigate the luminescence perfor-
mance of BEB:xLu®" phosphors, we measured their IQEs. The
IQEs of BEB:xLu®*" were calculated by using the following
formula:*

(3)

JLs

TQE — J"ER — jES (4)

where L is the emission spectrum of the sample, Es and Eg
represent the integrated intensities of PLE spectra of BEB:Lu®>*
phosphors and BaSO, powder, respectively.*® Under a excitation
at 395 nm, the IQEs value of BEB:xLu®>" phosphors were calcu-
lated to be 83%, 84%, 87%, 75%, 66% and 57% for x = 0, 0.1,
0.3, 0.5, 0.7, and 0.9. Therefore, doping appropriate Lu** ions in
BEB can improve its IQE (the IQEs of representative BEB and
BEB:0.3Lu’" phosphors were described at Fig. 4(a) and Fig. 4(b)
respectively). The high IQE value indicated that the BEB:0.3Lu*"
would be a potential red phosphor candidate.

RSC Adv., 2018, 8, 33710-33716 | 33713
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Compared with the commercial red phosphor Y,0,S:Eu**
BEB:0.3Lu’" showed better performance under 395 nm excita-
tion. As shown in Fig. 5, the BEB:0.3Lu>" phosphor spanned
more red region than Y,0,S:Eu®" phosphor, and the integrated
emission intensity of BEB:0.3Lu’" was about 3.25 times higher
than that of Y,0,S:Eu®'. In addition, we also calculated the
color purity of BEB:0.3Lu®>" phosphor by using the following
formula:**

V=2 + s - )
(xa = x:)* + (va — i)

Color purity = x 100% (5)

where (x5, ys) are the coordinates of sample point, (xq4, yq) are the
coordinates of the dominant wavelength, and (x;, y;) are the
coordinates of the illuminant point.* For BEB:0.3Lu®*" phos-
phor, we took (xq4, y4) = (0.669, 0.331) for the dominant wave-
length at 611 nm and (x;, y;) = (0.310, 0.316) for the CIE
illuminant point. The color purity of the BEB:0.3Lu** phosphor
was found to be 91.4%, which is better than that of the
commercial Y,0,S:Eu®" red phosphor (x = 0.622, y = 0.351;
87.2%).%4°5 These results demonstrated that BEB:0.3Lu’" red
phosphor may have much potential application for WLEDs.

33714 | RSC Adv., 2018, 8, 33710-33716
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phosphors under 395 nm excitation.

Electroluminescence properties of fabricated WLED device

In order to evaluate the potential application of BEB:0.3Lu’"
phosphor, a warm WLED device was fabricated by the combi-
nation of a NUV chip (395 nm) with commercial blue BAM:Eu*",
commercial green (Ba,Sr),Si0,:Eu®" as well as red BEB:0.3Lu*"
phosphors.®®*” The electroluminescence (EL) spectrum of this
WLED was shown in Fig. 6. The bright warm white light can be
seen in the inset of Fig. 6. Under a 20 mA current, the luminous
efficacy, CCT, CRI, and CIE chromaticity coordinate of this
WLED device were determined to be 15.98 Im W', 3377 K, 84.7,
and (0.412, 0.393) respectively. The above values of this WLED
device under various currents were also measured (see Table 2).
There was a little variation of the chromaticity coordinates,
which confirmed the stable white light output in the device.
Furthermore, the values of luminous efficacy, CCT and CRI were

]
— CIE: (0.412, 0.393)
3 (b) CCT: 3377
© CRI: 84.7
v_
>
-"ui; 1 (Ba,Sr),Si0,:Eu?
= |395 nm chip BEB:Lu’]
2 .
€ |/ BAM:EU’,

500 600 700
Wavelength (nm)

Fig. 6 EL spectrum of the fabricated WLED device combined by
a 395 nm NUV chip and BAM:Eu?*, (Ba,Sr),SiO4:Eu* and BEB:0.3Lu*
phosphors driven by 20 mA current.

400
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Table 2 The corresponding CCT, CRI, CIE chromaticity coordinates
(x, y), and luminous efficacy of the WLED device under different
current

Luminous
Current (mA) CCT (K) CRI  (x,9) efficacy (Im W™ 1)
20 3377 84.7 (0.412, 0.393) 15.98
60 3298 84.8 (0.415, 0.392) 17.22
120 3251 84.8 (0.417, 0.391) 18.61
180 3216 84.8  (0.418,0.390)  20.08
240 3189 84.7 (0.410, 0.390) 21.80
300 3164 84.6 (0.421, 0.389) 23.60

improved by applying higher currents. Under 300 mA current,
luminous efficacy, corresponding CCT and CRI can be
improved to 23.60 Im W', 3164 K and 84.6. These results
suggest that the as-synthesized red-emitting BEB:0.3Lu>" would
be a potential candidate red phosphor for WLEDs.

Conclusions

A series of Lu*" doped BEB red phosphors were successfully
synthesized by a high-temperature solid-state reaction method.
Through investigating photoluminescence properties of these
phosphors, we found that substituting partially of Eu** ions by
Lu** ions can improve BEB's emission intensity and IQE. The
optimal phosphor, BEB:0.3Lu’", possessed high IQE (87%),
good color purity (91.4%) and good thermal stability (the inte-
grated emission intensity at 423 K was around 52% of that at
303 K). By using commercial BAM:Eu** blue phosphor,
commercial (Ba,Sr),Si0,:Eu** green phosphor, as-prepared
BEB:0.3Lu*" red phosphor and a 395 nm NUV chip, a proto-
type warm white LED device was fabricated, which showed good
color rendering index (CRI = 84.7) and low correlated color
temperature (CCT = 3377 K). The results indicate BEB:0.3Eu’"
can be used as a potential red phosphor for warm WLED.
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