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1. Introduction

Recently, white light-emitting diodes (LEDs) have been 
regarded as the most promising light source, which are widely 
used in the general illumination field. In comparison with 
conventional lighting technologies such as fluorescent lamps, 
white LEDs have advantages of low-energy consumption, high 
efficiency, long lifetime, mercury-free etc [1–4]. The com-
mercial and most potential methods in the solid state lighting 
are phosphors converted LEDs (pc-LEDs). The current com-
mercial white pc-LEDs are combined with blue Ga(In)N LED 
(420–480 nm) and the Y3Al5O12:Ce3+ (YAG:Ce) phosphor 
[5–7]. White pc-LEDs realized by this method have high effi-
ciency. However, due to the lack of red components in the 
emission spectra of the YAG:Ce phosphor, the pc-LED have 
a low color rendering index (Ra) and high correlated color 

temperature (Tc), which can not meet the requirements of 
some special illumination fields.

Consequently, it is very emergency to improve the lumi-
nescent characteristics of the YAG:Ce phosphor. A practical 
method is to induce a red shift through the modifications of 
the chemical composition. There have been many literatures 
to report the red shift of the YAG:Ce luminescence by the 
substitution of Y3+ in the host lattice with Gd3+ or other 
larger trivalent ions [8–10]. Another optional method is to 
co-dope ions which can show red emission, such as Eu3+, 
Pr3+ and Mn2+ [11–13]. The substitution of Al–O for Si–N 
chemical bonds can also result in a red shift in the emission 
spectrum of Ce3+ ions in YAG host [14, 15]. However, all of 
the above methods cause the decrease in the quantum effi-
ciency of Ce3+, while the shift of Ce3+ emission is relatively 
limited.
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Therefore, another choice to obtain the white LED with 
a high Ra and high luminous efficiency is to pump the red 
and green phosphors by blue LEDs. Green phosphors can also 
be obtained from the Ce3+ doped YAG materials by substi-
tution of Al3+ with Ga3+ [16, 17]. However, Ga3+ ions can 
be easily reduced to gallium metals under a reductive atmos-
phere and influence the optical properties of phosphors. 
Lu3Al5O12:Ce3+ used to be as a scintillator, and researchers 
find that (Y,Lu)3Al5O12:Ce3+ (YLuAG:Ce) solid solutions can 
emit tunable color by varying Lu3+ and Ce3+ content [18–20]. 
Zhang et al reported the combinatorial optimization of green–
yellow emitting (YxLu1−x−y)3Al5O12:yCe3+ (x  =  0.1–0.9, 
y  =  0–0.09) phosphors for ceramic scintillators [19]. Shao 
et  al found that the LuAG:Ce phosphors have a blue-shift 
emission with an improved thermal quenching behavior com-
pared with pure YAG:Ce phosphor [20]. To the best of our 
knowledge, there are few systematical researches on the cor-
relation between the structure and luminescent proprieties 
about YLuAG:Ce phosphors.

In the present work, we synthesized a series of YLuAG:Ce 
phosphors by modifying the chemical compositions. It is aim 
to realize the enhancive and tunable emission color of Ce3+ 
ions in the YLuAG:Ce solid solutions. Moreover, the cor-
relation of crystal structure and luminescence properties of 
these materials with different Lu3+ and Ce3+ concentration 
are studied systematically. Furthermore, we discuss the corre-
sponding electroluminescent properties of pc-LEDs for the 
application.

2. Experimental section

2.1. Synthesis

A series of  Y3−x−yLuxAl5O12:yCe3+ (x  =  0–2.94, y  =  0–0.075) 
phosphors were prepared by a conventional solid-state reac-
tion under a N2/H2 reductive atmosphere. The starting mat-
erials were Al2O3 (99.9%), Y2O3 (99.99%), CeO2 (99.99%), 
Lu2O3 (99.99%) and AlF3 (99.9%, flux), respectively. The 
stoichiometrical mixtures of these materials were wet mixed 
homogeneously in agate-mortars with ethanol. The mixtures 
were dried and slowly heated to 1300–1500 °C for 3–6 h in a 
reductive atmosphere (H2/N2). Then the samples were cooled 
down to room temperature. Working in a reductive atmosphere 
and being doped to a trivalent lattice site, cerium will be built 
into the host lattice as Ce3+. After being ground, the samples 
were washed with diluted HCl solutions to remove the impuri-
ties. Finally, the phosphors were obtained and characterized.

2.2. LEDs fabrication

LEDs were fabricated by using series of Y3−x−yLuxAl5O12: 
yCe3+ (x  =  0–2.94, y  =  0–0.075) phosphors and 450 nm 
Ga(In)N chips. 0.20 g of the synthesized phosphors were used 
to be blended with 1 g of the transparent silicones. The mixed 
mat erials were precoated on 450 nm chips, and then they 
were dried in the oven at 140–180 °C and maintained at that 
temper ature for 1 h. Finally, the phosphor-converted LEDs 
(pc-LEDs) were obtained.

2.3. Characterization

The x-ray diffraction (XRD) patterns of Y3−x−yLuxAl5O12: 
yCe3+ (x  =  0–2.94, y  =  0–0.075) phosphors were identified 
by a x-ray diffractometer (X’PERT PRO, Panalytical) with Cu 
Kα (1.5406 Å) radiation in the range of 2θ  =  10–80° operated 
at 40 kV and 20 mA. The reflectance spectra were measured 
by a BaSO4 powder calibrated UV visible spectrophotometer 
(Shimadzu, UV-2550) in the range of 250–750 nm. The pho-
toluminescence emission (PL) and excitation (PLE) spectra 
of samples were recorded on the Hitachi F-4600 fluorescence 
spectrophotometer equipped with a 150 W xenon lamp. The 
quantum efficiency of the as-synthesized phosphors was mea-
sured using a QY-2000 equipped with a 450 W Xe lamp. The 
standard reference is Al2O3.The particle size and morphology 
of the phosphors were observed via a scanning electron micros-
copy (SEM) (NoVaTM Nano SEM 430). The electrolumines-
cent emission spectra and the Commission Internationale de 
I’Eclairage (CIE) color coordinates of all LEDs were obtained 
by using a PMS-50 spectrophotocolorimeter (Everfine Co., 
LTD) with an integrating sphere under the 20 mA forward-
bias current. All measurements were conducted at the room 
temperature.

3. Results and discussion

3.1. Crystal structures

Figure 1 presents the XRD patterns of Y2.94−xLuxAl5O12: 
0.06Ce3+ (x  =  0–2.94) phosphors in the range of (A, 2θ  =   
10–80°) and (B, 2θ  =  26–40°). All of the diffraction peaks 
are strong and similar, which are well indexed to the standard 
compound Al5Y3O12 (JCPDS: 33-0040) and Lu3Al2Al3O12 
(JCPDS: 18-0761) at x  =  0 and 2.94, respectively. It can be 
shown that all samples are well-crystallized and single-phase 
of cubic garnet structure with the Ia-3d (230) space group. 
Any significant phase change and intermediate phase cannot 
be observed. As the radius of Lu3+ and Y3+ are similar, LuAG 
is the isostructural to YAG [21–23]. So the crystal structure 
remains constant when Lu3+ ions substitute for Y3+ ions in 
the whole area. In comparison with pure YAG, the diffraction 
peaks shift toward larger angles with increasing Lu concentra-
tion, due to the smaller ion radius of Lu3+ compared with Y3+ 
ions [20]. Hence, the smaller Lu3+ ions enter into the lattice, 
which are easy to replace Y3+ ions, occupying Y3+ sites and 
distorting the structure, resulting in the decrease of the lattice 
parameters. Finally, the host lattice has a trend of contraction 
which leads to the shift of the diffraction peaks toward larger 
2θ value with increasing Lu3+ concentration (x  =  0–2.94) 
as shown in figure 1(B). The uniform red-shift indicates that 
Y2.94−xLuxAl5O12:0.06Ce3+ compounds are formed as solid 
solutions in the whole range (x  =  0–2.94).

3.2. Photoluminescence properties of 
Y2.94−xLuxAl5O12:0.06Ce3+ (x  =  0–2.94) phosphors

Figure 2(a) illustrates the diffuse reflectance spectra of typical 
Y2.94Al5O12:0.06Ce3+ and Lu2.94Al5O12:0.06Ce3+ phosphors 
at room temperature. The reflectance bands of all the samples 
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are very similar. Both of the phosphors show three broad 
absorption bands covering the range from the UV to visible 
range. It can be observed that a platform of nearly 80% dif-
fuse reflectance in the wavelength range of 530–750 nm,  
then it starts to decrease dramatically. The obvious absorp-
tion bands centered at 340 and 450 nm correspond to the 
allowed electric dipole transition of electrons from 2F5/2 and 
2F7/2 ground state to the excited 2D5/2, 2D3/2 levels of Ce3+ 
ions, respectively [17, 23–25]. The origin of the band around 
260 nm may be a transition to the third 5d level and the 
absorption of host lattice [6]. From the reflectance spectra, 
it can be roughly calculated that the diffuse reflectance of 
Ce3+ ions around 340, 450 nm is about 50% and 56%, respec-
tively. The absorption band at 450 nm can effectively absorb 
the blue emission from the commercially blue Ga(In)N chips 
in the range of 420–480 nm.

Furthermore, the slight blue-shift of Lu2.94Al5O12:0.06Ce3+ 
in the reflectance spectra is observed for the Ce3+ absorp-
tion band around 450 nm. However, the absorption band 
around 340 nm show a red-shift compared with that of 
Y2.94Al5O12:0.06Ce3+ phosphor. The difference in the absorp-
tion bands reflects the strong influence of the local coordi-
nation on the 5d crystal field splitting. When Y3+ ions are 
completely replaced by smaller Lu3+ ions, a smaller crystal 
field splitting can be obtained between the two lowest 5 d 
levels of the five crystal field components in D2 symmetry, 
which have been reported in the other literature [17, 26]. Thus, 
the increasing Lu3+ concentration shifts the lowest excited 
state energy level 2D3/2 to even higher energies, while shifting 
the second lowest excited state level 2D5/2 to lower energies.

The photoluminescence properties of Y2.94−xLuxAl5O12: 
0.06Ce3+ (x  =  0–2.94) solid solutions are investigated and 

Figure 1. XRD patterns of Y2.94−xLuxAl5O12:0.06Ce3+ (x  =  0–2.94) phosphors in the range of (A, 2θ  =  10–80°) and (B, 2θ  =  26–40°).

Figure 2. (A) The diffuse reflection spectra of Y2.94Al5O12:0.06Ce3+ and Lu2.94Al5O12:0.06Ce3+ phosphors; (B) the excitation  
and emission spectra of Y2.94−xLuxAl5O12:0.06Ce3+ (x  =  0–2.94) phosphors. The inset is the normalized emission spectra.  
(λex  =  450 nm, λem  =  507–532 nm).
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shown in figure 2(b). The PL and PLE spectra of YLuAG:Ce 
are measured under 450 nm excitation and different moni-
toring wavelengths varied from 507 nm to 532 nm. The effects 
of structure variations on the PL, PLE spectra and the lumi-
nescence efficiency can be observed obviously. From the 
PLE spectra (above), two high-efficiency broad bands are 
centered at 340 and 450 nm, which originate from 2F5/2 and 
2F7/2 ground state to the excited 2D5/2, 2D3/2 level of Ce3+ ions 
[17, 23–25]. The intensity of excitation bands increases with 
varied Lu3+ concentration. The excitation band around 340 nm 
shows a red-shift, but the 450 nm band shows a blue-shift with 
increasing Lu3+ concentration. All these results are consistent 
with the reflectance spectra as mentioned above. Furthermore, 
the strongest PLE peaks of all samples are around 450 nm, 
which can be well matched the wavelength of blue Ga(In)N 
chips (420–480 nm).

The emission and normalized emission (to the peak inten-
sity) spectra are displayed in figure 2(B) (below). YLuAG:Ce 
powders produce broad asymmetric emission bands ranging 
from 480 nm to 650 nm. The broad Ce3+ emission bands are 
assigned to the transition from the lowest 5d state 2D3/2 to  
the ground state 2F5/2 and 2F7/2 transition accompanying  
with the vibronic coupling in the host lattice [9, 25]. The 

center of the emission bands shifts from 532 to 507 nm with 
increasing Lu3+ concentration. These emission shifts are 
ascribed to the tetragonal distortion around Ce3+ ions by 
chemical substitution in YLuAG host. As Lu3+ concentration 
increases, the crystal field splitting energy of the 5d state in 
Ce3+ ions decreases. So the lowest 2D3/2 level shifts to higher 
energies and the emission of Ce3+ ions shows a blue-shift.

From figure 2(B), we can see that the emission intensity of 
the phosphors increases gradually with increasing Lu3+ con-
tent. Further investigation is examined and listed in table 1 by 
measuring the internal quantum efficiency of YLuAG phos-
phors. The internal quantum efficiency increase from 66.03% 
to 92.49% with Lu content varied from 0 to 2.94. Therefore, 
the increasing emission intensity of YLuAG phosphors is 
primarily due to the large absorption co-efficient of ionizing 
radiation with high quantum yield [27, 28]. And the result is 
different with the report that the Ce3+ emission intensity is 
slightly decrease with increasing Lu3+ concentration [20].

The parameters of phosphors are calculated from the 
emission spectra, as presented in table  1. Furthermore, the 
CIE chromaticity coordinates (x, y) of these phosphors shift 
from (0.3223, 0.6285) to (0.2417, 0.6035) with increasing 
Lu3+ concentration as shown in figure 3. Then the color of 

Table 1. Internal quantum efficiency and parameters from the XRD data and emission spectra of the Y2.94−xLuxAl5O12:0.06Ce3+  
(x  =  0–2.94) phosphors.

x 0 0.5 1.0 1.5 2.0 2.5 2.94

Intenal quantum efficiency (%) 66.03 73.63 76.38 78.46 87.39 91.76 92.49
Lattice (Å) 11.9939 11.9856 11.9690 11.9626 11.9366 11.9232 11.9038
FWHM (nm) 71 73 74 75 77 79 79
λem (nm) 532 529 527 524 519 513 507
CIE x 0.3223 0.3114 0.3029 0.2913 0.2779 0.2610 0.2417
CIE y 0.6285 0.6294 0.6295 0.6284 0.6233 0.6170 0.6035

Figure 3. The CIE 1931 chromaticity diagram of Y2.94−xLuxAl5O12:0.06Ce3+ phosphors (▼, x  =  0–2.94) and the as-fabricated LEDs under 
IF  =  20 mA (■).

J. Phys. D: Appl. Phys. 49 (2016) 415101
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Y2.94−xLuxAl5O12:0.06Ce3+ (x  =  0–2.94) phosphors can be 
tuned from the green–yellow to the green area with increasing 
Lu3+ concentration. Therefore, the LuAG phosphor can be 
used to create cool color temperature white LEDs with blue 
chips or applied in warm and high Ra white LEDs as the 
promising green component.

In addition, the correlation of the lattice parameters and 
the blue shift of Ce3+ emission as function of Lu3+ concentra-
tion in Y2.94−xLuxAl5O12:0.06Ce3+ (x  =  0–2.94) phosphors is 
demonstrated in figure 4. The lattice parameters are calculated 
to be 11.9939, 11.9856, 11.9690, 11.9626, 11.9366, 11.9232 
and 11.9038 Å with varied x values, respectively, which are 
derived from the XRD data and listed in table 1. The substi-
tution of Y3+ ions by smaller Lu3+ ions results in the lattice 
contraction and the lattice parameters decrease linearly with 
the increase of Lu3+ concentration. The result confirms that 
Y2.94−xLuxAl5O12:0.06Ce3+ compounds are formed as solid 
solutions in the whole range (x  =  0–2.94). It’s worth noting 
that the emission peaks shift linearly with increasing Lu3+ 
content. Furthermore, the blue shift of the emission peak cor-
relates very well with the lattice contraction. This result coin-
cides with the previous reports about Gd3+ substitution for 
Y3+ in YAG host [9], and it can be concluded that the blue 
shift of the Ce3+ luminescence is predominantly originated 
from the lattice contraction.

3.3. Photoluminescence properties of Lu3−yAl5O12:yCe3+ 
(y  =  0–0.075) phosphors

In order to obtain the optimal doping concentration of 
Ce3+ ions, the PL and PLE spectra of Lu3−yAl5O12:yCe3+ 
(y  =  0–0.075) phosphors as the function of the activator con-
centration are measured under 450 nm excitation and 510 nm 
monitoring, as shown in figure 5. The features of Ce3+ emis-
sion on shape and peak position in the PL and PLE spectra 
have no obvious changes as the concentration increases. 
Both of them are ascribed to the allowed f–d transitions as 
disused above. The PL intensity enhances with the increase 
of Ce3+ content, and then reaches a maximum of y  =  0.06. 
Subsequently, it decreases with further increase of Ce3+ 

concentration because of the concentration quenching process 
[5, 29, 30]. This reveals that the optimal doping concentration 
of Ce3+ ions in LuAG host is about 6%, which is in agreement 
with that of YAG:Ce phosphor reported by Tien et al [5]. It is 
noticed that the emission spectra shift slightly to the red region 
as the concentration of Ce3+ increase gradually. According to 
the previous reports, the red-shift tendency of emission peak is 
frequently observed in Ce3+-doped phosphors with increasing 
doping concentration, which is due to the lattice expansion 
from the substitution of Y3+ ions by larger Ce3+ ions [9].

3.4. SEM image of Lu2.94Al5O12:0.06Ce3+ phosphor

The SEM images with different magnifications of Lu2.94 
Al5O12:0.06Ce3+ powders are shown in figure 6. The uni-
form particles of Lu2.94Al5O12:0.06Ce3+ with homoge-
neous microstructure are obtained by solid-state reactions 
with AlF3 as a flux. The particles are dispersed evenly. 
Aggregation of these particles is not serious. The AlF3 flux 
accelerates the crystallization and growth of grain size. It 
can be observed that most of the particles are the cubic 
garnet morphology with good crystallinity. The results 
are consistent with the XRD data depicted in figure  1. 
The average size of phosphors is estimated by approxi-
mately measuring 200 particles in Lu2.94Al5O12:0.06Ce3+ 
phosphor. Size is dependent on the diagonal length of par-
ticles. Therefore, the particle size distribution histogram 
can be obtained and confirms that the size of the sample 
show a good dispersion. Herein, the mean diameter of 
particles and geometric standard deviation of the phos-
phor powders are calculated to be 13.96 µm and 3.02 µm,  
respectively. For the application of the phosphors for white 
LED, the particle size and morph ology should also be seri-
ously considered, which influence the luminescence effi-
ciency of phosphors and pc-LEDs. These results show that 
the synthesized phosphor is suitable for pc-LEDs packaging.

Figure 4. Variation of the lattice parameters and the blue 
shift of Ce3+ emission as function of Lu3+ concentration in 
Y2.94−xLuxAl5O12:0.06Ce3+ (x  =  0–2.94) phosphors

Figure 5. The excitation and emission spectra of 
Lu3−yAl5O12:yCe3+ phosphors (λex  =  450 nm, λem  =  510 nm).

J. Phys. D: Appl. Phys. 49 (2016) 415101
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3.5. The pc-LEDs with Y2.94−xLuxAl5O12:0.06Ce3+ (x  =  0–2.94) 
phosphors

Finally, pc-LEDs are fabricated with Y2.94−xLuxAl5O12:0.06Ce3+ 
(x  =  0, x  =  0.5, x  =  1.0, x  =  2.94) phosphors, silicones and 
blue Ga(In)N chips (~450 nm) in order to further investigation. 

The phosphor accounts for 20% of the mass of silicone and 
each phosphor is fabricated for five LED lamps. The electro-
luminescence spectra of the pc-LEDs under 20 mA forward-
bias current (IF) are presented in figure 7. The outlines of all 
electroluminescence spectra of LEDs are similar, which are 
coincide with those of reported pc-LEDs [31]. The spectra 
consist of two emission bands, one of the emission peaks 
around 450 nm belongs to blue chips, and the 520 nm peak is 
ascribed to the Ce3+ emission of YLuAG:Ce phosphors excited 
by 450 nm Ga(In)N chips. It is confirmed that the YLuAG:Ce 
materials can absorb the light of 450 nm efficiently, and convert 
it into green-yellow light. Furthermore, the relative intensity 
of YLuAG:0.06Ce3+ phosphors increases with the increasing 
Lu3+ concentration, which is in agreement with the result from 
the emission spectra shown in figure 2(B).

Figure 6. SEM images ((A) and (B)) and particles size distribution histogram (C) of Lu2.94Al5O12:0.06Ce3+ phosphor.

Figure 7. The electroluminescent spectra of the  
as-fabricated LEDs based on 450 nm blue Ga(In)N chips and 
Y2.94−xLuxAl5O12:0.06Ce3+ (x  =  0–2.94) phosphors under  
IF  =  20 mA.

Table 2. Parameters of the as-fabricated LEDs based on 450 nm 
blue Ga(In)N chips and Y2.94−xLuxAl5O12:0.06Ce3+ (x  =  0–2.94) 
phosphors under IF  =  20 mA.

x
Luminous  
efficiency (lm W−1) CIE x CIE y Tc (K) Ra

0.0 68.52 0.2837 0.2808 10 245 83.5
0.5 68.80 0.2784 0.2784 11 230 83.0
1.0 73.20 0.2744 0.3038 11 512 79.6
2.94 74.18 0.2466 0.3085 12 635 67.8

J. Phys. D: Appl. Phys. 49 (2016) 415101
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In addition, the average value of luminous efficiency, 
CIE chromaticity coordinates (x, y), color temperature 
Tc and color rendering index Ra of the pc-LEDs are cal-
culated and listed in table  2. From the data, the luminous 
efficiency of pc-LEDs enhances gradually, reaches the 
maximum of 74.18 lm W−1. The change of luminous effi-
ciency of pc-LEDs is consistent with the result of the 
quantum efficiency, which confirms that the quantum effi-
ciency of Ce3+ ions in YLuAG host increase with elevating 
Lu3+ content. The value of Ra decreases severely from 
83.5 to 67.8, while the value of Tc increases. All of the Tc 
values of these packaging LEDs exceed 7000 K, revealing 
that they are cold light source. Furthermore, different pc-
LEDS have various CIE chromaticity coordinates (x, y).  
As Lu3+ content increases, the corresponding CIE chro-
maticity coordinates of pc-LEDS shifted obviously in CIE 
1931 chromaticity diagram, as presented in figure  3. It 
demonstrates that the different luminescent characteristics 
of the phosphors can regulate the properties of pc-LEDs. 
Therefore, the Lu3+ ion has a very important impact on 
the optical properties of YLuAG:Ce phosphors and the pc-
LEDs. All these results confirm that LuAG:Ce phosphor 
exhibit higher emission efficiency than that of commercially 
YAG:Ce. And LuAG:Ce can be a promising green phosphor 
for white LEDs.

4. Conclusions

Lu3+ and Ce3+ doped YLuAG solid solutions have been suc-
cessfully prepared. The well-crystallized cubic garnet phos-
phors exhibit high efficient excitation bands around blue 
areas, intensive and tunable emission spectra from yellow to 
green regions. A linear relationship between the lattice con-
traction and the blue shift of Ce3+ can be observed by sub-
stituting Lu3+ for Y3+. Furthermore, the quantum efficiency 
and emission intensity of phosphors enhances gradually with 
increasing Lu3+ content. The concentration quenching of Ce3+ 
ions in LuAG phosphors is about 0.06 mol. And the mean 
size of LuAG:Ce3+ phosphors are estimated to be 13.96 µm.  
The fabricated LEDs based on 450 nm Ga(In)N chips and 
YLuAG:Ce phosphors show the cool color white light. And the 
luminous efficiency of pc-LEDs can be improved 8% when Y3+ 
ions are completely substitute by Lu3+ ions. All results show 
that LuAG:Ce phosphor has excellent properties than these of 
commercially YAG:Ce and can be a good phosphor for cool 
color temperature white LEDs. Furthermore, it can also be the 
promising green component in warm white LEDs with high Ra.
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