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Highly efficient Ba3Si6O12N2
green-emitting
phosphors using boron-coated Eu2O3 were synthesized
by a gas reduction nitridation
method under flowing NH3 gas. X-ray diffraction patterns showed that the synthesized
phosphor was a pure phase of Ba3Si6O12N2.
The Ba3Si6O12N2
green-emitting
phosphors
synthesized
by modification
of an alumina boat were crystallized
much better as
well as showed higher emission intensity.
The emission spectra showed a typically
broad green emission band attributed
to the
4f65d
4f7 electronic
transition
of Eu2+ ions under excitation at 405 nm. The green-emitting
Ba3 Si6O12N2 phosphors that were
synthesized
using boron-coated EU2O3 by modification
of an alumina boat could be applied to generate white light emitting diodes.
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As quickly-developed
solid-state
light
sources,
phosphorconverted white light emitting
diodes (pc-WLEDs)
are expected to
be promising candidates for next-generation
illumination,
backlights
for LED TV, decorated lamps and automotive lighting
applications
due to their low energy consumption, mercury free composition,
long
life time and high reliability.1"4
The most general approach to generating white LEDs is to combine yellow-emitting
Y3Al12Ois:
Ce3+
(YAG: Ce3+) phosphor with an InGaN-based blue chip.5 However, the
drawbacks of this method for realizing WLEDs include a lower color
rendering index (CRT) value owing to the shortage of red emission as
well as low thermal stability.6
Therefore, these LEDs can't be applied
to indoor illumination.
An alternative method used to solve this problem is to combine three different
technologies
by using a near-UV
chip with red, green, and blue phosphors,
a blue chip with red and
green phosphors, or a blue chip with yellow and red phosphors using
an oxynitride phosphor.7' 8
To date, a number of research groups have published
reports on
many oxynitride
phosphors because they can compensate the drawbacks of previous oxide phosphors as well as allowing color tuning
of the phosphor with respect to the excitation
and emission wavelengths by using modification
of the host lattice and activator. Also,
oxynitride
phosphors have outstanding
thermal and chemical stability
compared with oxide and sulfide phosphors.9' 10 Therefore,
oxynitride phosphors have emerged as promising phosphors
that can be
applied to LEDs. Nevertheless,
for the reported oxynitride
phosphors
that use high purity nitride material as a raw material, such as Ca-aSiAlON: Eu2+, £-SiA10N:
Eu2+, M2Si5N8: Eu2+ (M = Ca, Sr, Ba),
MSi2O2N2: Eu2+ (M = Ca, Sr, Ba), and CaAlSiN3:
Eu2+, a high
temperature (above 1500°C) and a long soaking time are required to
synthesize
perfect oxynitride
phosphors
by the solid state reaction
method. 11-13
The gas reduction nitridation
(GRN) method could be a good alternative for the synthesis
of oxynitride
phosphors. The GRN method
using NH3 gas is useful as it allows control over the O/N ratio in the
synthesis
of oxynitride
phosphor as well as reducing the temperature
for the formation of the targeted phase.14 If the synthesis
conditions
are accurately controlled,
an oxynitride
phosphor that can be tuned
from blue to red emission can be synthesized
by adjusting
the amount
ofNH3.
In this work, we used the concept of boron-coated Eu2C>3 as the
activator and use boat modification
along with the GRN method to
synthesize
a green-emitting
Ba3SigOi2N2
phosphor with high luminescence properties.
In addition,
the crystal structure, luminescence
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properties and particle size of the green-emitting Ba3Si6Oi2N2 phosphor were analyzed using powder X-ray diffraction (XRD), photoluminescence spectrometry (PL) and energy dispersive X-ray analysis
(EDX).
Exp erimental
Preparation of boron-coated EU2O3.- A boron-coated EU2O3
sample was prepared according to the procedure shown in Fig. 1. Ten
grams of Eu2O3 (High Purity Chemicals, 99.9%), 3.65 g of H3BO3
(High Purity Chemicals, 99.9%), and de-ionized water were combined
in a flask. The two powders in de-ionized water were magnetically
stirred at 60°C for 3 hours to mix them well and then the mixed sample
was dried for 24 hours. The well mixed sample was ground for 30 min
using the agate mortar and then fired at 600°C for 7 hours.
Synthesis
of BasSiQOi2N2
' A
.boron-coated
boron-coated
Eu2+phosphor
phosphor.Eu2+
(Ba3Si6Oi2N2) and a non-coated phosphor were synthesized using a solid state reaction. For clarity of discussion in this paper, the boron-coated Eu2+ phosphor (Ba3Si6Oi2N2)
and the non-coated phosphor will be defined as Ml and M2, respectively. The raw materials were BaCO3 (High Purity Chemicals,
99.9%), SiO2 (Aldrch, -325 mesh), Si3N4 (Aldrch, -325 mesh) and
boron-coated Eu2O3. These highly pure raw materials were mixed for
30 min using an agate mortar and then fired at 1200°C for 3 hours
under flowing NH3 gas (100 seem). The fired samples were re-fired at
1200°C for 7 hours under a reducing nitrogen atmosphere containing
5% H2 gas.
Synthesis ofBa3SigO}2N2 boron-coated Eu2+ phosphor by modification of an alumina boat using a boron nitride plate.- We compared
the photoluminescence properties of samples according to the modification of the alumina boat. The alumina boat is modified by using
a boron nitride plate in the boat as shown in Fig. 2. For clarity of

Figure

1. Schematic

of synthesis

method of boron-coated

EU2O3.
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discussion
in this paper, the Ml sample on the boron nitride plate
in the alumina boat will be defined as M3. The mixed raw materials
(1.5 g) were placed on the boron nitride plate in the alumina boat.
The M3 sample was fired at 1200°C for 3 hours under flowing NH3
gas (100 seem) and then re-fired at 1200°C for 7 hours under a reducing nitrogen atmosphere containing 5% H2 gas, and then the obtained samples were washed with acid solution and dried at 100°C for
24 hours.
figure 2. Schematic
tion of boat condition.

showing differences

between the two samples as a func-

Characterizations.The obtained samples were analyzed by using the following
equipments. X-ray diffraction
(XRD, Rigaku, Japan)
was carried out using a Cu Kt, target in the 29 range of 20-70° to determine the phase composition
and crystallinity.
The microstructure,
morphology and composition
of the synthesized
phosphor were examined by scanning electron microscopy (FE-SEM, JSM7600, JEOL)
and energy-dispersive
X-ray analysis (EDX). The photoluminescence
(PL) and photoluminescence
excitation
(PLE) properties
were examined by using a spectrometer
(SCINCO,
FS-2, Korea) with a xenon
lamp excitation
source (150 W).
Results

Figure

3. Schematic

crystal

structure

of the Ba3SieOi2N2

host.

and Discussion

Fig. 3 shows a schematic diagram of the crystal structure of
Ba3Si6Oi2N2.
This structure was reported by Dr. Kijima et al.15
According
to a previous report, the crystal structure
with a P-3
space group (no. 147) is a trigonal one. The lattice parameters were
a = 7.5046 A and c = 6.4703 A. The crystal structure ofBa3Si6012N2
consists of corrugated layers of vertex-sharing
SiO3N tetrahedrons
between Ba2+ ions.16 Two Ba2+ ions (Bal and Ba2) occupy two different trigonal antiprism sites. 17 In the Ba3 Si6O12N2 lattice, the oxygen
atoms are coordinated
with Bal to form a distorted
octahedron, and
six oxygen atoms and one nitrogen atom are coordinated with Ba2.18
Fig. 4a shows XRD patterns of the boron-coated Eu2+-activated
Ba3Si6O12N2 green-emitting
phosphors synthesized
at 1200°C for
3 hours under a flowing NH3 atmosphere and then a second firing at

Figure 4. XRD patterns (a) of synthesized
samples (Ml and M2) and EDX image (b) of
Ml fired at 1200°C for 3 hours under a flowing NH3 atmosphere and then second-fired
at
1200°C for 7 hours under a reducing nitrogen
atmosphere containing 5% H2 gas.
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1200°C for 7 hours under a reducing nitrogen atmosphere containing
5% H2 gas. In both samples (Ml and M2), almost all the XRD patterns
were well indexed to those presented in previous reports.19 The Ml
sample showed better crystallization
than the non-coated sample. On
the other hand, an unknown phase was observed in the non-coated
sample. In this XRD data, boron-coated Eu2+ had an effect on the
host lattice of the synthesized
phosphor. As shown in Fig. 4b through
the EDX results, the synthesized
Ml sample contained nitrogen ions.
Weconcluded that the synthesis of the Ml sample using NH3 gas is a
useful method for making oxynitride phosphors.
Fig. 5 shows excitation
(a) and emission (b) spectra of samples
synthesized
by different methods. Both samples (Ml and M2) were
fired at 1200°C for 3 hours under flowing NH3 gas (100 scm) with
0.1 mol of Eu2+ and then re-fired at 1200°C for 7 hours under a
reducing nitrogen atmosphere containing 5% H2 gas. Both samples
(Ml and M2) present the typical excitation
and emission spectra of
Ba3Si6O12N2:
Eu2+ phosphor. As shown in Fig. 5a, the excitation
spectra indicate a broad excitation band attributed to the 4f7 -> 4f65d
transition
of Eu2+ ions.20 The excitation band could be divided into
two parts caused by different energy levels of Eu2+ ions in the host
lattice. The above excitation band is consistent
with absorption in the
wavelength range from UV to blue light.
The emission spectra of both samples under excitation at 405 nm
show a typical single broad emission band with a maximum peak at
525 nm, which is characteristic
of the spectrum of the green emitting
phosphor, as shown in Fig. 5b. It is attributed
to the 4f65d -> 4f7
transition
ofEu2+ ions.21 Also, the Ml sample shows higher excitation
and emission intensity than the M2 sample. These results suggest that
boron-coated Eu2+ ions play a role as a flux agent, thus causing
the emission intensity
of the Ml sample to be increased. A detailed
explanation of this observation will be given later.
Fig. 6 shows XRD patterns of the Ml and M3 samples. In both
samples, all XRD patterns were very well indexed, as shown in Fig. 4a.
The M3 sample synthesized
using the boron nitride plate in the alumina boat is better crystallized
than the Ml sample using only the
alumina boat. However, an unknown phase was not detected in the
XRD data for either sample. Through this XRD result, we can conclude that the synthesis of the Ba3Si6Oi2N2:
Eu2+ phosphor using the
BN plate is more useful than that using only the alumina boat, and it
produces a better crystalline
phase. As shown in Fig. 6b through the
EDX results, the synthesized
M3 sample contained Ba, Si, O, N, and
Eu ions. We concluded that the synthesis
of the M3 sample using BN
plate is a very useful method for making high efficiency
oxynitride
phosphors.
Fig. 7a shows the emission spectra of both samples (Ml and M3).
Twosamples exhibited the typical broad emission band. The emission
spectra under excitation at 405 nm shows a maximumemission peak
at 525 nm. This is described as the 4f65d -> 4f7 electronic transition
of
Eu2+ ions.22 The M3 sample shows higher emission intensity than the
Ml sample. Generally, boron nitride has an advantage in the synthesis
of the oxynitride
phosphor. Many papers have reported the synthesis of oxynitride
samples using boron nitride. Also, boron nitride
has better thermal conductivity
than alumina. Therefore, the emission intensity of a phosphor synthesized
using a boron nitride plate
is higher, at about 20%, than that of a phosphor synthesized
without
the plate. With increasing
Eu2+ concentration,
emission intensity
is
continuously
increased, as shown in Fig. 7b. However, when the Eu2+
concentration
was >0.3 mol, a sudden decrease in emission intensity
was shown to occur because of concentration
quenching. Concentration quenching is a mechanism of nonradiative energy transfer among
Eu2+ ions in phosphors. As the density ofEu2+ ions increases, the distance between Eu2+ ions becomes shorter and shorter, which leads to
the probability
of energy transfer among the Eu2+ ions. In the case of
the Ba3Si6Oi2N2:
Eu2+ phosphor, an overlap between excitation and
emission bands is shown, which results in interaction
in the prepared
sample. This is the reason for the energy migration.23'24
Fig. 8 shows the emission intensity
of the commercial sample
(Y, Gd)3Al50i2
: Ce3+ (P46-Y3) and the synthesized
M3 sample before
and after acid washing for 3 hours and then drying. The M3 phosphor
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Figure 5. Excitation
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and emission spectra ofMl

and M2 synthesized

samples.

Figure 6. XRD patterns (a) of samples (Ml and M3) and EDX image
(b) of sample (M3) synthesized
at 1200 °C for 3 hours under a flowing NH3
atmosphere and then a second firing at 1200°C for 7 hours under a reducing
nitrogen atmosphere containing 5% H2 gas.
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Figure 9. Temperature dependence of emission intensity
commercial sample of (Y, Gd)3Al5 0i2 : Ce3+ (P46-Y3).

of M3 sample and

showed a typically
broad band emission under excitation at 405 nm
due to the d-f transition
of Eu2+ ions. There was no change of location
in the emission wavelength before and after acid washing. Also, the
emission intensity
of the M3 sample after acid washing was higher
than for the unwashed M3 sample by approximately
43%. We can
confirm the body color of the M3 sample before and after acid washing.
The M3 sample after acid washing was shown to have a brighter color
than the unwashed M3 sample. Also, the emission intensity of the M3
sample after acid washing was more than 1.6 times that of commercial
P46-Y3.
Fig. 9 shows the temperature dependence of luminescence intensity
under near-UV (405 nm) light excitation.
In the case of high-power
LEDs, the temperature of the device is consistently
increased during
operation. Because of the increased temperature, the thermal properties of phosphors in LEDs are decreased and deficiency of light output
is observed. The synthesized
sample of M3 with an Eu2+ concentration of 0.3 mol continues to have a luminescence intensity at 180 °C
that is approximately
66% higher than that of the commercial sample
of P46-Y3.
Figure 7. Comparison of emission spectra (a) of Ml and M3 samples and
emission intensity
(b) of the M3 sample as a function of Eu2+ concentration.

Conclusions
A series of Ba3 Si6O12N2 green-emitting
oxynitride
phosphors using boron-coated Eu2C>3 as an activator on the boron nitride plate were
synthesized
under flowing NH3 gas. The highest emission intensity
was achieved at a concentration
of 0.3 mol of boron-coated EU2O3.
The synthesized
phosphor has a typically
broad emission band when
excited by light in the UV to blue region of the spectrum. The emission intensity of the prepared phosphor treated with acid washing was
higher than that before acid washing as well as higher than that of
the commercial sample of P46-Y3. These results suggest the potential application
of the new concept for generating
white LEDs and
an alternative
method for the synthesis of other phosphors could be
expected to follow.
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