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a b s t r a c t

Phosphors with the nominal composition Lu2.94Ce0.06MgyAl5�x�ySixO12 (x ¼ 0e2, y ¼ 0e2) were syn-
thesized by a conventional solid-state reaction in a reducing atmosphere (CO). The luminescence
properties of these phosphors and the effect of charge compensation are discussed in detail. Our results
indicate that the substitution of Mg2þ for Al3þ ions at octahedral coordination sites and the substitution
of Si4þ for Al3þ ions at tetrahedral coordination sites are co-dependent processes because of charge
compensation. Only when co-doping with Mg2þ and Si4þ ions, the incorporation of Mg2þ ions into
octahedral coordination sites can be achieved. On incorporation of Mg2þ ions into the phosphor, an
obvious red shift in the luminescence was observed. In addition, we analyzed the dependence of
luminescence intensity on the absorptivity and the thermal quenching of the Ce3þ ions. The lumines-
cence performances of white LEDs, fabricated by combining a single orange Lu2.94Ce0.06Mg2AlSi2O12

phosphor with blue LED chips, were determined, which demonstrate the potential of this orange
phosphor for use in warm white LEDs.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, phosphor-converted white light-emitting diodes
(LEDs) are widely used in solid-state lighting and display areas
because of their high luminous efficiency, low power consumption,
reliability, long operation life, and environmental friendliness
compared with conventional lighting sources like incandescent
lamps and fluorescent lamps [1,2]. The most common phosphor-
converted white LEDs are fabricated by combining blue InGaN
LED chips with the yellow Y3Al5O12:Ce3þ (YAG:Ce3þ) phosphor
[3,4]. However, these devices emit little red light and, therefore,
have a poor color rendering index (CRI < 75) and high correlated
color temperature (CCT z 6000 K) [3,4]. To increase the red
emission of these white LEDs, the blending of the yellow YAG:Ce3þ

phosphor and a red phosphor has been proposed, and some novel
. Shen), xiyzhang@126.com
red phosphors based on Eu2þ-doped nitrides have been found
[5e7]. However, these red phosphors require harsh preparation
conditions like high temperatures, high pressures, and expensive
raw materials. In addition, the blending of different phosphors
generally results in poor chromatic stability of white LEDs. Until
now, it has been believed that using a single-phase phosphor with
sufficient red emission is the most reliable and economical way to
achieve LEDs with a warm white color [8].

To achieve a high CRI and a low CCT in phosphor-converted
white LEDs, various methods have been investigated to tune and
improve the luminescence properties of current phosphors. These
techniques include component substitution. For example, to enrich
the red emissions of the YAG:Ce3þ phosphor, the substitution of
Gd3þ for Y3þ [9], Si4þ-N3- for Al3þ-O2- [10], andMg2þeSi4þ/Ge4þ for
Al3þeAl3þ [11,12] in the YAG host has been carried out. In addition,
very recently, different component substitution strategies have
been proposed and summarized, such as cation/anion substitution
in CaSrSi1�xAlxO4:Ce3þ, Liþ [13], Ca1.65Sr0.35Si1�x(Al/Ga/B)xO4:Ce3þ

[14], Ca2MgSi2O7�xNx:Eu2þ [15], and LuxSr2�xSiNxO4�x:Eu2þ [16]
and chemical unit co-substitution in Ca2(Al1�xMgx)(Al1�xSi1þx)
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Fig. 1. (a) A schematic crystal structure of LAG viewed along the c-axis, (b) XRD pat-
terns for Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0e2) phosphors, and (c) XRD patterns for
Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0e2) phosphors in the 2q range of 33e34� .
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O7:Eu2þ [17], (CaMg)x(NaSc)1�xSi2O6:Eu2þ [18], and
(Ca1�xLix)(Al1�xSi1þx)N3:Eu2þ [19].

Lu3Al5O12:Ce3þ (LAG:Ce3þ) is a green phosphor with a high
quantum efficiency and excellent thermal stability [20]. Recently,
via the substitution of the Mg2þ-Si4þ pair for the Al3þ-Al3þ pair in
the LAG host, a novel yellow Lu3MgAl3SiO12:Ce3þ phosphor has
been obtained [21]. In the structure of this phosphor, Mg2þ and Si4þ

ions occupy the octahedral and tetrahedral coordination sites,
respectively. In addition, the crystal structure evolution and
tunable photoluminescence of Lu3(Al2�xMgx)(Al3�xSix)O12:Ce3þ

and Lu3�xYxMgAl3SiO12:Ce3þ phosphors have been reported
[22,23]. Furthermore, a similar tunable photoluminescence has
been achieved in a series of Ce3þ-activated Lu3A-
l5O12eLu2CaMg2Si3O12 solid-solution phosphors [24]. The lumi-
nescence red shift of the Mg-Si co-doped LAG:Ce3þ phosphors has
been attributed to the lower transition energy of Ce3þ ions between
the lowest 5d state and the 4f ground state, which is mainly caused
by the presence of Mg2þ ions at the octahedral coordination sites
[21e23]. However, the effects of charge compensation on the
incorporation of Mg2þ ions into the octahedral coordination sites
and the photoluminescence of phosphors have not been analyzed
in detail.

We have studied the effect of charge compensation on the
substitution of Mg2þ for Al3þ ions at octahedral coordination sites
by analyzing the changes in the luminescence of Mg-Si co-doped
LAG:Ce3þ phosphors. In addition, the dependence of the lumines-
cence intensity on the absorptivity and thermal quenching
behavior of Ce3þ ions was analyzed. Finally, white LEDs with
different emission spectra were fabricated by combining a single
orange Lu2.94Ce0.06Mg2AlSi2O12 phosphor with blue LED chips, and
their luminescence performances were characterized.

2. Experimental

2.1. Materials and synthesis

Lu2.94Ce0.06MgyAl5�x�ySixO12 (x ¼ 0e2, y ¼ 0e2) phosphors
were synthesized by a conventional solid-state reaction. The con-
stituent oxides Lu2O3, MgO, Al2O3, SiO2, and CeO2 were used as the
precursor materials. Mixtures of these raw materials were sintered
in a muffle furnace at 1500 �C for 5 h in a reducing atmosphere
(CO), whichwas produced by the incomplete combustion of carbon.

2.2. Measurements and characterization

The photoluminescence (PL), photoluminescence excitation
(PLE), and diffuse reflectance (DR) spectra were measured by using
HITACHI F-7000 spectrometer. In the measurement of DR spectra,
BaSO4 was used as reference compound. Powder X-ray diffraction
(XRD) data were collected using Cu-Ka radiation (l ¼ 1.54056 Å) on
a Bruker D8 advance diffractometer. The Ce3þ fluorescence decay
curves were measured by using a FL920 fluorescence lifetime
spectrometer (Edinburgh Instruments Ltd.). The white LEDs were
fabricated by coating the mixture of phosphor and epoxy resin on
InGaN LED chips. The CRI, CCT, and chromaticity coordinates of the
white LEDs were measured using an Ocean Optics USB4000
spectrometer.

3. Results and discussion

Fig. 1(a) shows the crystal structure of LAG, which crystallizes in
the cubic space group Ia3d. In the LAG structure, there are two
different Al3þ sites: an octahedral coordination site and a tetrahe-
dral coordination site [21,22], and these are denoted as Al3þ(I) and
Al3þ(II), respectively; the occupation ratio at these sites is 2:3. For
the Mg-Si co-doped LAG:Ce3þ phosphor, the structural refinement
data indicate that Ce3þ and Lu3þ ions are randomly distributed over
the dodecahedral coordination sites, Mg2þ and Al3þ(I) are
randomly distributed over the octahedral coordination sites, and
Si4þ and Al3þ(II) are randomly distributed over the tetrahedral
coordination sites [21,22].



Fig. 2. (a) PLE spectra and (b) PL spectra for Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0e2) and
LAG:Ce3þ phosphors. The insets photographs show the phosphors under blue light
excitation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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To study the effect of charge compensation in the Mg-Si co-
doped LAG:Ce3þ phosphors, we synthesized a series of samples
with the nominal composition of Lu2.94Ce0.06Mg2Al3exSixO12
(x¼ 0e2). Fig.1(b) shows the XRD patterns of these samples. All the
XRD patterns contain high-intensity peaks arising from the LAG
garnet phase (JCPDF No. 73-1368); however, peaks arising from
impurity phases are also visible. When x ¼ 0, the sample has a
nominal composition of Lu2.94Ce0.06Mg2Al3O12, in which the sub-
stitution of Mg2þ for Al3þ(I) was attempted. Unfortunately, the
luminescence characteristics of this sample (see below) indicate
that, without the substitution of Si4þ for Al3þ(II), the substitution of
Mg2þ for Al3þ(I) in this sample does not occur because of the charge
mismatch between Mg2þ and Al3þ(I). Notably, in this sample, only
one impurity phase is observed, Lu2O3 (JCPDF No. 86-2475), and,
despite the large amount of MgO added during synthesis, no Mg2þ-
containing phase is observed. A possible reason for the lack of a
Mg2þ-containing phase is that unreacted MgO was reduced to Mg
by the reducing atmosphere (CO); then, Mg, which has a higher
vapor pressure than the other constituents, sublimed from the
sample during synthesis. When x ¼ 0.5 and 1, the decrease in the
nominal Al3þ content promoted the formation of a Lu4Al2O9 phase,
and the diffraction peaks corresponding to this phase are present in
the corresponding XRD patterns. When x ¼ 2 (i.e., when the
nominal content of Si4þ is equal to that of Mg2þ), the diffraction
peaks arising from the Lu4Al2O9 phase disappear, and some low-
intensity peaks arising from a Lu2SiO5 phase (JCPDF No. 41-0239)
appear. Possibly, the loss of Mg2þ by sublimation resulted in the
extra Si4þ from the precursor materials not being incorporated into
the Al3þ(II) sites. The substitution of Mg2þ for Al3þ(I) and the
substitution of Si4þ for Al3þ(II) probably proceed simultaneously
and promote each other due to charge compensation effects.

In the LAG structure, the radii of Al3þ(I) and Al3þ(II) ions are 0.67
and 0.53 Å, respectively, and the radii of Mg2þ ions at octahedral
coordination sites and Si4þ ions at tetrahedral coordination sites are
0.86 and 0.40 Å, respectively [11,12,25]. The substitution of Si4þ for
Al3þ(II) at the tetrahedral coordination sites not only compensates
for the charge mismatch but also for the lattice expansion caused
by the substitution of the larger Mg2þ ions for Al3þ(I) at the octa-
hedral coordination sites. Comparing the difference between the
ionic radius of Mg2þ and that of Al3þ(I) with the difference between
the ionic radii of Si4þ and Al3þ(II), we infer that the substitution of
the Mg2þ-Si4þ pair for the Al3þ(I)-Al3þ(II) pair in the LAG host re-
sults in lattice expansion; this was confirmed by the observation of
a slight peak shift towards smaller 2q angles of the LAG phase (see
Fig. 1(c)). The lattice parameters for Lu2.94Ce0.06Mg2Al3exSixO12
(x¼ 0e2) were also calculated. As shown in Table 1, with increasing
x, the unit cell becomes larger.

Notably, the impurity phases do not affect the study of the
luminescence properties of the as-synthesized phosphors signifi-
cantly because Lu2O3:Ce3þ, Lu4Al2O9:Ce3þ, and Lu2SiO5:Ce3þ

cannot be effectively excited by the blue light (l¼ 450 nm) that was
used for excitation in our experiments [26e28].

Fig. 2 shows the PLE and PL spectra for the Lu2.94Ce0.06M-
g2Al3exSixO12 (x ¼ 0e2) and LAG:Ce3þ phosphors. The LAG:Ce3þ
Table 1
Lattice parameters for Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0e2)
phosphors.

Composition (x) Lattice parameter (Å)

0 11.9216
0.5 11.9447
1 11.9701
1.5 11.9776
2 11.9855
phosphor exhibits an intense green emission band, which is
attributed to the transitions from the lowest Ce3þ 5d excited state
to the two 4f ground state levels (2F5/2 and 2F7/2) [21e23]. The PLE
spectrum of the Ce3þ ions in LAG contains two bands: a strong band
around 450 nm and a relatively weak band around 350 nm, which
are attributed to the transitions from the 4f ground state to the
lowest and upper 5d excited-state levels (2D5/2, 2D3/2), respectively
[21e23]. The PLE band around 450 nm well matches the emission
wavelength of blue InGaN LEDs. In the series of Lu2.94Ce0.06M-
g2Al3exSixO12 (x ¼ 0e2) phosphors, the sample with x ¼ 0 exhibits
similar PL and PLE bands to those of the LAG:Ce3þ phosphor.
However, with increasing x, the PL band and the PLE band around
450 nm shift towards longer wavelengths. Meanwhile, a clear
change in the PLE band around 350 nm was observed, which is
mainly ascribed to the absorptions of impurity phosphors like
Lu2O3:Ce3þ, Lu4Al2O9:Ce3þ, and Lu2SiO5:Ce3þ.

The red-shift D(A) of the 4f-5d transition of Ce3þ in the phos-
phor relative to the free-ion value can be written as

DðAÞ ¼ εcðAÞ þ
εcfsðAÞ
rðAÞ � 1890cm�1

D(A) is dependent upon two factors, the centroid shift εc(A),
which is defined as the lowering of the average energy of the Ce3þ

5d configuration relative to the value for Ce3þ as a free ion, and the
crystal field splitting εcfs(A), which is defined as the energy differ-
ence between the lowest and the highest 5d-level. r(A) is a constant
in certain coordination environments [25,29]. The centroid shift,
εc(A), is affected by the covalent character of the host lattice. In
studies of Y3Mg2AlSi2O12:Ce3þ and Tb3MgxAl5e2xSixO12:Ce3þ

phosphors, the increased covalent character of the host lattice due



Fig. 3. (a) The change of relative PL intensities of Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0e2)
phosphors as a function of x, (b) DR spectra for Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0e2)
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to the presence of Mg2þ ions at Al3þ(I) sites has been considered a
possible reason for the red shift in the luminescence [11,25]. In our
case, a similar reason can also be used to interpret the red shift in
the luminescence. The crystal field splitting, εcfs(A), is proportional
to R�5, where R is the Ce3þeO2� distance [25]. From the viewpoint
of the crystal structure [22,23], the substitution of larger radius
Mg2þ ions for smaller radius Al3þ(I) ions in the garnet structure
results in the compression of the polyhedrons around Ce3þ. The
decrease in R may lead to a larger crystal field splitting, as in the
case reported by J. Ueda et al. [30,31].

Based on the above analysis, we believe that the value of the
spectral red shift is closely related to the number of Mg2þ ions
incorporated into Al3þ(I) sites. In the sample with x¼ 0, Mg2þ ions
from precursor materials were not incorporated into the Al3þ(I)
sites due to the charge mismatch between Mg2þ and Al3þ(I) ions.
However, by increasing x, the number of Mg2þ ions incorporated
into Al3þ(I) sites can be increased markedly by the doping of Si4þ

ions into the Al3þ(II) sites, which is induced by charge compen-
sation effects. Finally, via the charge balancing substitution of the
Mg2þ-Si4þ pair for the Al3þ-Al3þ pair, the green LAG:Ce3þ phos-
phor gradually became an orange phosphor. A similar charge
compensation effect has been discussed in Al3þ-doped
Sr2SiO4:Eu2þ/Eu3þ phosphors, where the incorporation of Al3þ

ions into Si4þ sites caused the stabilization of the Eu3þ ions at Sr2þ

sites under a reducing atmosphere due to the charge compensa-
tion effect [32].

In addition, with respect to Fig. 2, the broadening of the PL band
with increasing x can be attributed to the inhomogeneous broad-
ening of the Ce3þ ion luminescence, which is caused by the greater
diversity of local environments of Ce3þ ions in the Mg-Si co-doped
LAG host [22,25]. The broader emission band is beneficial to the
achievement of greater color rendering in white LEDs.

Fig. 3(a) shows the change in the relative PL intensity of the
Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0e2) phosphors as a function of
x, where the integrated PL intensity of Lu2.94Ce0.06Mg2Al3O12 is
set as the normalized standard. The DR spectra of these samples
were also measured, as shown in Fig. 3(b). The absorption band
around 450 nm is attributed to the transition from the Ce3þ 4f
ground state to the Ce3þ 5d excited state. The slight red shift with
increasing x agrees well with the changes in the PLE spectra of
these samples. The absorptivity of Ce3þ around 450 nm in the
samples can be easily obtained from the DR spectra. The
dependence of the integrated PL intensity on the absorptivity of
Ce3þ around 450 nm is plotted in Fig. 3(c), and the relative PL
intensity is proportional to the absorptivity of Ce3þ around
450 nm. The linear relationship between the PL intensity and the
absorptivity of Ce3þ indicates that the internal quantum effi-
ciency of these phosphors changes little with the addition of Si4þ.
To confirm this, we measured the fluorescence decay curves of
Ce3þ ions in the phosphors. Fig. 3(d) shows the decay curves that
can be well fitted with a single exponential function of I(t)/
I(0) ¼ exp(et/t), where I(t) is the luminescence intensity at time
t, and t is the lifetime. In the Lu2.94Ce0.06Mg2Al3exSixO12
(x ¼ 0e2) phosphors, the decay curves do not change with
increasing x, and the fluorescence lifetimes of the Ce3þ ions in
these samples were all estimated to be about 66 ns. This result
confirms that the internal quantum efficiency of these phosphors
is almost unchanged on the introduction of Si4þ ions. Accord-
ingly, the enhanced PL intensity is mainly attributed to the
phosphors, (c) the change of relative PL intensities of Lu2.94Ce0.06Mg2Al3exSixO12

(x ¼ 0e2) phosphors as a function of absorptivity around 450 nm, and (d) fluorescence
decay curves of Ce3þ ions (excited at 450 nm and monitored at 550 nm) in
Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0e2) phosphors.



Table 2
The chromaticity coordinates (x, y) for Lu2.94Ce0.06Mg2Al3ex-

SixO12 (x ¼ 0e2) phosphors.

Composition (x) (x, y)

0 (0.376, 0.551)
0.5 (0.425, 0.533)
1 (0.483, 0.499)
1.5 (0.510, 0.480)
2 (0.520, 0.472)

Fig. 4. The CIE 1931 chromaticity diagram with points indicating chromaticity co-
ordinates for Lu2.94Ce0.06Mg2Al3�xSixO12 (x ¼ 0e2) phosphors.

Fig. 5. The PL spectra for Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 2) phosphors at different
temperatures. The inset is the changes of relative PL intensities of Lu2.94Ce0.06M-
g2Al3exSixO12 (x ¼ 0, 1, 2) phosphors as a function of temperature.
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increase of the absorptivity of the Ce3þ ions.
The calculated chromaticity coordinates for the Lu2.94Ce0.06M-

g2Al3exSixO12 (x ¼ 0e2) phosphors are listed in Table 2, and the
corresponding positions in the chromaticity diagram are shown as
crosses in Fig. 4. On increasing x from 0 to 2, the chromaticity co-
ordinates (x, y) change from (0.376, 0.551) to (0.520, 0.472), as
shown in Table 2. Meanwhile, the emission color changes from
green to orange under blue light excitation. The line connecting the
chromaticity point of the blue LED with that of the phosphor
crosses the blackbody locus at one point, and the CCT of this point
can be obtained by combining the blue LED with the corresponding
phosphor. Using Fig. 4, we found that warmwhite light with a CCT
below 4000 K can be achieved by combining blue LED chips with
Lu2.94Ce0.06Mg2Al3exSixO12 (x � 1) phosphors. Therefore, the as-
synthesized samples are potential yellow-orange phosphors for
use in warm white LEDs.

The temperature dependences of the PL spectra for the
Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0, 1, 2) phosphors were measured,
and the PL spectra for the Lu2.94Ce0.06Mg2AlSi2O12 phosphor at
Fig. 6. (a) PL spectra for Lu2.94Ce0.06MgyAl3eySi2O12 (y ¼ 0e2) phosphors and (b)
photographs of Lu2.94Ce0.06MgyAl5exeySixO12 (x ¼ 0e2, y ¼ 0e2) phosphors under blue
light excitation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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different temperatures are shown in Fig. 5 as representative
spectra. The inset of Fig. 5 shows the changes in the relative PL
intensities of the Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0, 1, 2) phosphors
as a function of temperature, where the integrated PL intensities at
Fig. 7. (a) Emission spectra for the white LEDs fabricated by using a single
Lu2.94Ce0.06Mg2AlSi2O12 phosphor and InGaN LED (460 nm) chips, (b) the CIE 1931
chromaticity diagram with dots indicating chromaticity coordinates of the white LEDs
with different values of I2/I1, and (c) the changes of CCT and CRI as a function of I2/I1.
30 �C are set as the normalized standard. On increasing the tem-
perature, the PL intensities of these samples gradually decreased. In
addition, the thermal quenching of the Lu2.94Ce0.06Mg2Al3exSixO12
(x ¼ 0, 1, 2) phosphors increased as x increased. Using I(T) ¼ I(0)/
(1þ A(exp(DE/kBT))) with a constant A and the Boltzmann constant
kB, the activation energies (DE) of these samples were estimated to
be 0.2527, 0.2441, and 0.2282 eV for x ¼ 0, 1, 2, respectively. The
increase of the thermal quenching with increasing x is probably
attributed to the decrease of DE.

To verify the charge compensation effects in theMg-Si co-doped
LAG:Ce3þ phosphors, we also synthesized Lu2.94Ce0.06M-
gyAl5exeySixO12 (x ¼ 0e2, y ¼ 0e2) phosphors with different Si4þ

and Mg2þ contents. Fig. 6(a) shows the PL spectra for the
Lu2.94Ce0.06MgyAl3eySi2O12 (y ¼ 0e2) phosphors. When the Si4þ

content was fixed at x ¼ 2 and the Mg2þ content, y, was increased,
similar spectral red shifts to those observed for Lu2.94Ce0.06M-
g2Al3exSixO12 (x ¼ 0e2) phosphors were observed. The red shifting
is indicative of the increasing number of Mg2þ ions incorporated
into Al3þ(I) sites. Fig. 6(b) shows photographs of the
Lu2.94Ce0.06MgyAl5exeySixO12 (x ¼ 0e2, y ¼ 0e2) phosphors under
blue light excitation. The emission color changes little in both the
Si4þ singly doped samples and the Mg2þ singly doped samples;
however, the emission color changes significantly in the Mg2þ and
Si4þ co-doped samples. These results further demonstrate that the
substitutions of Mg2þ for Al3þ(I) and Si4þ for Al3þ(II) are insepa-
rable because charge compensation is necessary.

White LEDs can be fabricated by coating a mixture of a
Lu2.94Ce0.06Mg2AlSi2O12 phosphor and epoxy resin on InGaN LED
(460 nm) chips. In our experiments, a series of white LEDs with
different emission spectra were obtained by changing the coating
amount, and their normalized emission spectra are shown in
Fig. 7(a). We define the integrated luminescence intensities of blue
LED chip and phosphor as I1 and I2, respectively. The luminescence
properties of white LEDs depend largely on the ratio of I2 to I1.
Fig. 7(b) shows the CIE 1931 chromaticity diagram, in which
different color dots indicate chromaticity coordinates for the white
LEDs with different values of I2/I1. The chromaticity coordinates (x,
y) change from (0.314, 0.268) for the white LED with I2/I1 ¼ 1.63 to
(0.381, 0.352) for the white LED with I2/I1 ¼ 3.83 in the white light
area. The changes of CCT and CRI as a function of I2/I1 are shown in
Fig. 7(c). As I2/I1 increases, the CCT monotonically decreases from
7211 to 3775 K, while the corresponding CRI increases first,
reaching a maximum of 86.8 at I2/I1 ¼ 1.95, and then decreases.
Warm white LEDs with CCT <4200 K and CRI >80 were achieved
when I2/I1 > 3.03, and the light generated by these LEDs is more
favorable for general illumination compared to that produced by
the white LEDs fabricated by combining the single YAG:Ce3þ

phosphor with blue LED chips.

4. Conclusions

In summary, we have studied the effects of charge compensa-
tion on the substitution of Mg2þ ions for Al3þ(I) ions at octahedral
coordination sites by analyzing the changes in the photo-
luminescence of Lu2.94Ce0.06MgyAl5exeySixO12 (x ¼ 0e2, y ¼ 0e2)
phosphors. The results indicate that the substitution of Mg2þ for
Al3þ(I) ions cannot be achieved without the substitution of Si4þ for
Al3þ(II) ions because the charge difference between Mg2þ and
Al3þ(I) ions must be compensated. The number of Mg2þ

substituting for Al3þ(I) ions can be increased by substituting Si4þ for
Al3þ(II) ions. Consequently, a phosphor with tunable photo-
luminescence, ranging in color from green to orange, was achieved.
For the Lu2.94Ce0.06Mg2Al3exSixO12 (x ¼ 0e2) phosphors, the linear
relationship between the luminescence intensity and the absorp-
tivity of Ce3þ ions suggests that the change of the luminescence
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intensity is mainly attributed to the change of the absorptivity of
Ce3þ ions rather than the internal quantum efficiency; this was also
confirmed by the fluorescence decay curve measurements. The
thermal quenching of the phosphors became stronger as the Si4þ

content increased due to the decrease in the activation energy.
Finally, we have also studied the luminescence properties of white
LEDs fabricated by combining a single orange Lu2.94Ce0.06Mg2Al-
Si2O12 phosphor with blue InGaN LED chips, and white LEDs with
CRI >80 and CCT <4200 K were obtained.
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