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Abstract

Samples of the Bao(Luy.Y,)SigO24:Ce%* (x = 0-2) blue-green phosphors were synthesized by
solid-state reactions. All the samples exhibited a rhombohedral crystal structure. As the Y3*
concentration increased, the diffraction peaks shifted to the small angle region and the lattice
parameters increased due to the larger ionic radius of Y3* (r = 0.900 A) compared with that of
Lu®* (r = 0.861 A). Under 400 nm excitation, samples exhibited strong blue-green emissions
around 490 nm. The emission bands had a slight blue shift that resulted from weak crystal-field
splitting with increasing Y* concentration. Luminescence intensity and quantum efficiency
(QE) decreased with increasing Y3* concentration. The internal QE decreased from 74 to 50%
and the external QE decreased from 50 to 34% as x increased from O to 2. The thermal stability
of the Lu series was better than that of the Y-series. The excitation band peak around 400 nm
matched well with the emission light from the efficient near-ultraviolet (NUV) chip. These results
indicate promising applications for these NUV-based white light-emitting diodes.
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1 | INTRODUCTION

White light-emitting diodes (WLEDs) have drawn much attention in

the field of general illumination due to their advantages of high

Abbreviations: CAS, Chinese Academy of Sciences; CRI, color rending index;
NIMTE, Ningbo Institute of Materials Technology and Engineering; NUV, near
ultraviolet; QE, quantum efficiency; XRD, X-ray powder diffraction.

efficiency, energy savings, environmental friendliness, and long service
lifetime, etc.*”) The commercial WLED commonly consists of a yel-
low-emitting phosphor Y3Ai5012:Ce®* (YAG:Ce®*) and a blue-emitting
LED chip. However, YAG:Ce®" lacks red spectral components, thus
resulting in a low color rending index (CRI < 70) and a high correlated
color temperature (CCT > 6500 K).[B=1° Moreover, the blue light
provided by LED chips is closely related to the working current leading
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to an unstable color hue. These drawbacks meant that YAG:Ce>" failed
to meet indoor lighting requirements that prefer a warm white light
with a low CCT (<4000 K) and a high CRI (>80). As an alternative
scheme, the combination of a near-ultraviolet (NUV) LED chip and
three-primary color (red, green, and blue) phosphors can generate an
ideal white light with a high CRI and a tunable CCT.[**-18! |n addition,
the color of NUV-based WLED:s is only decided by phosphors, which
circumvent the color drift under a fluctuation of working current. Thus,
researchers have recently focused on novel NUV excited phosphors
with excellent luminescence properties and the solid-state solution is
an effective method to achieve novel phosphors.[*?:2%!

Rare-earth doped orthosilicate phosphors have attracted much
attention due to their excellent luminescence for the NUV-based
WLEDs.22321 For instance,

BaoLu,Sig054:Ce" (BLS:Ce®*) even has a high efficiency as nitride

the novel blue-green phosphor
phosphors.?8) However, BLS:Ce®* is more easily synthesized than
nitride phosphors. As known, BaoY,Sis0,4:Ce®* (BYS:Ce®*) is also an
efficient blue-green phosphor that has the same crystal structure with
BagLu,Sig004:Ce%* .12 |n this study, we synthesized a series of the
Bag(LUg-Y,)SigO24:Ce®* phosphors. Based on the X-ray powder diffraction
(XRD), changes in crystal structure were studied. The photoluminescence
(PL), photoluminescence excitation (PLE), internal and external QE,

absorbance, and thermal stability of all the samples are discussed.

2 | EXPERIMENTAL

Samples of Bag(Luy_Y,)SigO24:5%Ce%* (x = 0-2) were prepared by the
conventional high temperature solid-state reaction. The starting materials
(BaCOg3, 99.8%; LuyO3, 99.99%; Y503, 99.99%; SiO,, 99.9%; CeO,,
99.99%) were all weighted out in the desired stoichiometry and thor-
oughly mixed using an agate mortar and pestle for 40 min. The mixed
powders were placed in an alumina crucible and sintered in a tube furnace
under reducing atmosphere (95%N, + 5%H,) at 1500°C for 5 h. After
cooling to room temperature, the products were subsequently ground
to a fine powder with an agate mortar and pestle for further analysis.
XRD data were collected for all samples on a Bruker D8 Advance dif-
fractometer with Cu Ka radiation (A = 1.54056 A) at 40 kV and 40 mA. PL
and PLE spectra were obtained on a Hitachi F-4600 spectrometer
equipped with a 150 W Xenon lamp under a working voltage of 400 V.
The internal and external QEs and the dependence of QEs on tempera-
ture were measured using a QE-2100 spectrophotometer from Otsuka
Photal Electronics. Photographs of the samples under sunlight or a

365 nm ultraviolet (UV) lamp were taken using a Nikon D90 camera.

3 | RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns in the range 10-80° for the samples
of Bao(LUy.Y,)SigO24:5%Ce>" (x = 0-2). It can be seen that all of these
exhibited the same single crystal phase with the profile of
BagSc,Sig0,4 (PDF No. 82-1119) and no impurity phase was
observed. Previously, we have demonstrated that BLS and BYS have
the same rhombohedral structure.?>28] Figure 1 indicates that the
crystal phase does not change when Lu and Y coexist in the same host.

This rhombohedral structure, shows an R3symmetry. There are three
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FIGURE1 XRD patterns (26 = 10-80°) for Bag(Luy..Y)SigO24:5%Ce>"
with x = 0-2

independent barium sites in this structure, which are Ba(1), Ba(2), and
Ba(3) coordinated with 12, 9, and 10 oxygen atoms, respectively. There
is only one site for Lu/Y and Si coordinated with 6 and 4 oxygen atoms,
respectively. Both the Ba and Lu/Y sites can be occupied when Ce is
incorporated into this structure.[?>28]

Figure 2 shows the XRD patterns in the range of 29-32° for the
samples of Bag(Luy_Y,)SisO24:5%Ce% (x = 0-2). It is noted that the
diffraction peak shifts to small angle region with x increasing. This
should be ascribed to the larger ionic radius of Y3 (r = 0.90 A, six-
coordinated) rather than that of Lu®* (r = 0.861 A, six-coordinated).
With increase in Y3* content, the crystal volume enlarges gradually,
thus the diffraction peak shifts to the small angle region. The lattice
parameters of a, ¢, and V were calculated based on the XRD data,
as shown in Figure 3. It can be seen that the shift of the diffraction
peaks and the lattice parameters are almost linearly dependent on
the x value. According to Vegard's law, therefore, we believe that
Lu and Y form a solid solution when they coexist in the titled matrix.

Figure 4 displays the PL (Aex = 400 nm) and PLE (\¢ry, = 490 nm)
spectra for Bag(Lu,.,Y,)SigO24:5%Ce>* with x = 0-2. For the PLE spec-
tra, the excitation band from 200 to 370 nm is from the Ce®* at the Ba®*
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FIGURE2 XRD patterns (26 = 29-32°) for Bag(LU,.,Y,)SisO24:5%Ce>*
with x = 0-2
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FIGURE 4 PL (Aox = 400 nm) and PLE (Aem = 490 n
Bao(Luz,Y,)SisO24:5%Ce®" with x = 0-2

m) spectra for

site, while the strong band peaking around 400 nm is from the Ce®*

the Lu/Y site.?>28 The 400 nm excitation band matches well with the
emission light (390-410 nm) of the efficient NUV chips. Thus, this kind
of phosphor exhibits potential application for NUV-based white LEDs.
Under 400 nm excitation, the samples show blue-green emissions
peaking around 490 nm with a band width of about 116 nm. The emis-
sion arises from the transition of the lowest 5d state to the 2F7/2
and 2F5,2 ground states. Thus, the emission is composed of two
Gaussian bands peaking at 482 nm (20 750 cm™!) and 536 (18

‘1, con-

650 cm™) nm with an energy difference of about 2100 cm
sistent with the energy difference between the 2F,,, and 2Fs,
ground states (~2200 cm™Y).

decreases gradually with increasing Y3* contents.

However, the emission intensity

Figure 5 depicts the peak wavelengths of the PL and PLE spectra
for Bag(Luy_Y;)SigO24:5%Ce>* with x = 0-2. The emission peak shifts
from 488.6 to 484.4 nm when x increases from O to 2. The excitation
peak shifts from 400.2 to 397 nm when x increases from O to 2.
Clearly, both of these shift to a small wavelength with increasing Y3*
content. The CIE color coordinates based on the PL spectra in
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FIGURE 3 Calculated lattice parameters of a,

¢, and V for Bao(Luy_Y,)Sis024:5%Ce®" with
x=0-2
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FIGURE 5 Peak wavelengths of PL and PLE spectra for Bag(Lu,. Yy
Sig024:5%Ce>" with x = 0-2
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FIGURE 7 Photographs of the Bag(Lu,.,Y,)
Sig024:5%Ce>" (x = 0-2) samples under
sunlight (up) or 365 nm UV lamp (down)

Figure 4 are also depicted in Figure 6. Images of all the samples under
sunlight or 365 nm UV light are given in Figure 7.

All the samples show a while color under sunlight and a blue-green
color under 365 nm UV light. The color differences are not apparent.
However, the color coordinates shift from (0.2501, 0.3979) for x = 0
to (0.2289, 0.3766) for x = 2.0, as depicted in Figure 7. This blue shift
should be attributed to the smaller Y3* ions. As known, blue-green
emission is from the 5d — 4f transition of Ce®*, and the position of
the lowest 5d energy level is strongly dependent on the crystal-field
strength. Furthermore, crystal-field splitting, Dg, has an inverse
relationship with the bond length, R, in the unit cell, and can be

expressed by equation 1:

_ Zer*
R

Dq (1)
where Z is the anionic charge, e is the charge of the electron, and r is
the radius of the 5d-wave function.®® The unit cell increases gradu-
ally with the increasing substitution of Y** for Lu®*, as demonstrated in
Figure 3, due to the larger Y3* than Lu®*, which leads to the longer
bond length and the larger R value. Thus the crystal-filed strength
becomes weaker and then the crystal-field splitting becomes smaller.
In this condition, the lowest 5d energy level is promoted, therefore,
the luminescence of Ce®' shows a blue-shift behavior when the
sample changes from the Lu series to the Y-series.

The internal QE (n;n¢) is also called the fluorescence quantum yield
(®F), which is the ratio of emitted photons and the number of only
absorbed photons.[34] The external QE (ney) is the ratio of emitted
photons to the number of incident photons, called absolute quantum
yield.l%35-38] Their relationship can be described as the following:

_New . Nenm

N Nint = N Next = ANint ()
inc abs

where Nine, Nabs and N, are the number of incident, absorbed and
emitted photons, respectively. A is the absorbance. Equation 2 is a
direct method to evaluate the practical QE, which can be obtained by
the QE-2100 quantum efficiency measurement system mentioned in
the Experimental section. Figure 8 shows the internal and external
QEs for Bag(Lug_Y,)SisO24:5%Ce>* (x = 0-2) under 400 nm excitation.
With increasing Y3* content, the internal QE decreased from 74 to
50%, and the external QE decreased from 50 to 34%. These phenom-
ena are similar to the changes in luminescence intensities shown in
Figure 4. Based on the relationship between external and internal

QEs, the absorbance (A) of samples can be expressed as A = external
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FIGURE9 Dependence of absorbance on Y3* content in Bao(Luy.Y,)
Sig024:5%Ce>" (x = 0-2)

QE/internal QE.B® The dependence of A on Y®* content x is depicted
in Figure 9. It can be seen that the absorbance is around 68% and
almost does not change with Y3* content. For thermal stability at
150°C, nearly 88% of the internal QE at room temperature can be
maintained for BYS:Ce®* as reported by Brgoch et al.®® However,
more than 94% of the internal QE at room temperature can be pre-
served for BLS:Ce®* from our previous results.?®! For all solid solution
samples for Bag(Luy.,Y,)SisO24:Ce®" (x = 0-2), the dependence of the
normalized internal QEs on temperatures from 40 to 280°C is given in
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FIGURE 10 Dependence of normalized internal QEs on temperature
(from 40 to 280°C) for Bag(Luy.,Y,)SisO24:5%Ce>" (x = 0-2)

Figure 10. The thermal stability slightly decreased with increase in Y
content, a finding that is consist with previous reports.?>2® The higher
the QE value, the better the phosphors. Therefore, the Lu series
sample is more promising than the Y-series sample for application in
NUV-based white LEDs.

4 | CONCLUSIONS

In summary, samples of the Bag(Luy_,Y,)Si¢O24:Ce>* (x = 0-2) blue-green
phosphors were synthesized by solid-state reactions. All the samples
exhibited a rhombohedral crystal structure. With increase in the Y3* con-
tent, the XRD peaks shift to small angle region as Y®* is larger than Lu®*.
Samples exhibit strong blue-green emissions around 490 nm and an
intense excitation band around 400 nm that matches well with the emis-
sion light of the efficient NUV chip. With increasing Y** content, both
emission and excitation give a small blue shift that resulted from weak
crystal-field splitting. The luminescence intensity and QE decrease with
increasing Y3* concentration. The internal QE decreases from 74 to
50% and the external QE decreases from 50 to 34% as x was increased
from O to 2. The QE and thermal stability of the Lu series sample are much
higher than that of the Y-series samples. These results indicate the prom-
ising application of the Lu series samples for the NUV-based white LEDs.
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