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Cerium-doped terbium-lutetium aluminum garnet ((TbyxLuix)20Als012: 0.1Ce) were synthesized by
solid state reaction method. The crystalline phase, morphology and photoluminescence properties were
characterized by using X-ray diffraction (XRD), photoluminescence (PL) spectra, scanning electron
microscope (SEM) and color coordinates analysis, respectively. The results show that with the
increasing amount of x (Tb®"), LusAlsO12 (LUAG) phase changes gradually to Th3Als01, (TAG) phase
with single-crystalline characteristic, and the average particle size of the powders increases. Because of
the result of a decrease of the difference between the energy centroids of the 5d and 4f configurations
and an increase of the effective ligand field on the Ce-5d shell, the emission spectrum of the samples
has a red-shift of 37 nm and shifts toward the saturated colors, but the emission intensity decreases.
The findings indicate that it could make the garnet phosphors green to orange tunable for the
applications of white LED using the mutual doping effects of Lu**and Tb*" in garnet structure.
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1. INTRODUCTION

So far, white light-emitting diodes (LEDs) have been widely applied in many fields due to their
many advantages, such as high efficiency, energy saving, long lifetime, reliability and safety [1-3]. For
example, the LED has a potential application in the electrochemical, especially in the electrochemical
deposition [4]. There are two main methods to realize the white LED device, one is wavelength
conversion method, with blue LED chip excitation yellow phosphors(or red, green phosphors); two is
color mixing, i.e. with near UV LED chip excitation red, green, blue three primary colors phosphors to
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realize white light. Thus, the phosphor, composed of matrix and activator, is the key technology and
one of the raw materials of WLED.

Up to now, the garnet family [5], including yttrium aluminum garnet (Y3Als012, YAG) [6-8],
lutetium aluminum garnet (LuzAlsO12,LUAG) [9-11], terbium aluminum garnet (Th3AlsO12, TAG) [12-
14] etc, is commonly used for LED. However, the phosphors have some limitations, such as high color
temperature, low color rendering index, become barriers to the application of white LED on some
fields which have high demands of light source.

Many researchers control the color to improve the luminescence properties by means of
codoping in garnet structure, for example, Kong et al. [15] observed that the Gd** makes the emission
of (Yo.06.xG0x)3Al2: Ceg 1o move to red spectral region, but the smaller one of Lu®" makes it blue. Shao
et al. [16] illuminated that with increasing the content of Lu®", the luminescence of (Y, Lu)sAlsO1,:Ce
phosphors shows a pronounced blue-shift; Dotsenko et al. [17] demonstrated that the substitution of
Tb® for Y** in the garnet structure results in broadening the emission band and shifting its maximum
towards the longer wavelengths. Setlur et al. [18] demonstrated that significant DD migration can
change the mechanism for DA energy transfer from a dipole-dipole to an exchange mechanism using
Tb* donors and Ce* acceptors in (Lu,Th)sAls01,:Ce®" phosphors, however, they did not study on the
morphology and particle size of the samples, which have an important influence on luminescence
properties. Therefore, to further investigate the properties of (Tb,Lu)sAls01,:Ce®", such as the
morphology, in the present work, we prepared green to orange tunable cerium-doped terbium-lutetium
aluminum garnet (ThyLu;x)20Als012: 0.1Ce by solid state reaction method, and their luminescence
properties, morphology, particle size were systematically investigated.

2. EXPERIMENTAL

2.1. Sample preparation

All the samples were synthesized by high-temperature solid-state reaction under reducing
atmosphere. According to the stoichiometric ratios of (ThyLu;x)29Als012: 0.1Ce (x=0, 0.2, 0.5, 0.8 and
1.0), the starting materials of Lu,O3 (99.99%), ThsO7 (99.99%), CeO, (99.99%), Al,O; (AR) were
mixed with adding BaF, (AR) as flux (5% (mass fraction)). The mixtures added with appropriate
alcohol were milled thoroughly for 10 h, and then dried in a drying oven at 80 °C for 1 h as precursor.
Finally, the precursor was sintered at 1600 °C for 10 h, and then reduced at 1500 °C for 2 h in an
atmosphere with H,. Finally, the samples were obtained after milled.

2.2. Characterization

Crystalline phase of samples was analyzed by powder X-ray diffraction (XRD) on an X-ray
diffractometer (TD-3500, Dandong, China) using Cu Kal radiation at 30 KV and 20 mA. The XRD
data were collected by a scanning mode in the 26 range from 10° to 70° with a scanning step of 0.02°
and a scanning rate of 2.0° min™. Surface morphology and particle size were obtained by a scanning
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electron microscope (SEM, Quanta 250, FEI, USA) with accelerating voltage of 10 KkV.
Photoluminescence (PL) properties were recorded with a fluorescence spectrophotometer (F-7000,
Hitachi, Japan) with a 150 W xenon lamp at room temperature. Commission Internationale de
I’Eclairage (CIE) color coordinates were characterized using a HSP3000 high accuracy LED photo-
color and electron test system (Hangzhou Hongpu Optoelectronics Technology Co. Ltd., China), and
evaluated under a current of 350 mA.

3. RESULTS AND DISCUSSION

3.1. Structure and morphology

In order to inform the crystalline structure of the obtained phases, we made a comparison
sample uniformly mixed by the same molar ratio of LUAG: Cep; and TAG: Cep;. Fig.1 shows the
XRD patterns of (ThgsLuos)29Als012: 0.1Ce and the comparison sample. It can be seen that the
comparison sample displays two characteristic peaks which are assigned to LUAG (JCPDS 18-0761)
and TAG (JCPDS 17-0735), respectively, but the diffraction peaks of (ThgsLuUgs)2.9Als012: 0.1Ce are
sharper and show single-crystalline characteristic, and its position is obviously different from
comparison sample, indicating that the mutual dopants of Th** and Lu** could entirely dissolve in the
single garnet structure of the obtained samples.
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Figure 1. XRD patterns of (TbgsLUo5)2.0Al5012: 0.1Ce and the comparison sample.
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Fig.2 shows the XRD patterns of (TbyxLuix)29Als012: 0.1Ce (x=0, 0.2, 0.5, 0.8, and 1.0). When
x ranges from 0 to 1.0, the positions of diffraction peak shift to the small angle (see the inset). The
diffraction angle can be calculated by the Bragg Equation,

2dsin@d=nA 1)

Where d is the interplanar distance, 4 is the wavelength of X-ray and @ is the diffraction angle.
According to Bragg equation, the diffraction angle decreases depending on the increase of the
interplanar distance. As discussed above, Th** ion with larger radii (r (Tb**) =0.0923 nm) substitutes
Lu®* jon (r (Lu**) =0.0848 nm) in the garnet host lattice, contributed to crystal cell expansion and the
increase of interplanar distance. As shown in Fig. 2, with the substitution of Lu®* ion sites by Tb* ion
in garnet structure, the samples with different concentration of Th** doped into LUAG: Ce are still in
pure phases and when Tb®" substitutes Lu®" in the garnet host lattice , the phase is also a cubic
structure.
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Figure 2. XRD patterns of (ThyLu1-x)2.0AlsO1,: 0.1Ce phosphors. a~e: x=0, 0.2, 0.5, 0.8, and 1.0.

The SEM morphologies of (ThxLuix)29Als012: 0.1Ce are shown in Fig. 3. The obtained
samples are nearly spherical shape, and agglomerate with the increase of x (Tb*"). As x=0, the particle
size of the sample is about 2.0-4.0 um(Fig.3a); as x=1, the particle size of the sample increase to 6.0-
8.0 um (Fig.3e). Plainly, with the increase of the amount of Tb*" ion, the particle size has an obvious
growing up. This is attributed to crystal cell expansion, where the larger Th®" ion gradually substitutes
the smaller Lu®* ion.
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Figure 3. SEM morphologies of (ThyLu;-x)2.0Als012: 0.1Ce phosphors. a~e: x=0, 0.2, 0.5, 0.8, and 1.0.

The photoluminescence excitation spectra of (ThyLui.x)29Als01,: 0.1Ce** are shown in Fig. 4.
As shown in Fig.4, three distinct excitation bands appear centered at around 340 nm, 375 nm, and 450
nm, respectively. Of these, the two stronger bands with peak at 340 and 450 nm originate from a
transition from 4f-5d of Ce®" ion, but the weaker band peak at 375 nm coincides with the f-f transition
of Th* ion. This is in agreement with the report in the literature [19]. Moreover, with the increase of
the amount of Th®" ion, the excitation peak around 450 nm has a red shift, meanwhile, the peak around
375 nm has a blue shift. The fact that when Tbh®" substitute Lu®*, the LUAG: Ce has two 4f—5d
absorptions, the first 4f—5d absorption resulted to be a red shift, in opposition to the blue shift of the
second absorption. Furthermore, the blue shift of the second 4f—5d transition is mostly due to ligand
field effects, which result mainly from an important rising of the 2-5d level among the 5d manifold,
most of it due to the first-shell distortion[20]. Except the two shifts, the excitation peak around 375 nm
has no shift, but the relative intensity increases, and when x=0.8, the intensity is the maximum. This
can be explained by that with the increase of the amount of Th**, Th®* ion becomes to the luminescent
center, then the intensity increases. And when the amount of Th®" exceeds a certain threshold value,
the intensity decreases, i.e. concentration quenching. Although the peak has a red or blue shift,
however, the relative intensity of excitation peaks decreases with the increasing amount of Th*" in the
garnet structure.
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Figure 4. Excitation spectra of (ThyLui.x)2.90AlsO1,: 0.1Cephosphors. a~e: x=0, 0.2, 0.5, 0.8, and 1.0.
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Figure 5. Emission spectra of (ThyLui.x)2.0AlsO12: 0.1Ce phosphors. a~e: x=0, 0.2, 0.5, 0.8, and 1.0.
Inset is the relationship between x(Th*") and PL intensity

The emission spectra of (ThyLuix)2.9AlsO12: 0.1Ce excited by 450 nm light are presented in
Fig. 5. Usually, the Ce** emission is in near-UV region, but the dominant wavelengths of LUAG: Ce
and TAG: Ce are observed in the visible region, which correspond to the 4f-5d transition of Ce** ion.
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When Th** replaces Lu®" site completely, the emission band shifts toward a longer wavelength by
about 37 nm (507 nm to 544 nm) and the color of sample turns green to orange. In addition, the
emission intensity of the sample excited by 450 nm light decreases with the increase of the amount of
Th*.

The red shift is the result of a decrease of the difference between the energy centroids of the 5d
and 4f configurations and an increase of the effective ligand field on the Ce-5d shell associated with
electronic effects of Th** substituting for Lu*. It is known that the larger ionic radii of Gd** and of
La®* with respect to Y** make the lattice constant increase [21,22], and Th** substituting Lu** also has
the similar effect. This effect, together with the lattice expansion, the dopings create local
compressions around Ce** ion, which increase the ligand field acting on the Ce-5d shell, and
consequently, lower the first 5d energy level.

Moreover, according to crystal filed theory, the site symmetry, ligand charge, bond length and
covalence have important influence on the crystal filed strength [23]. Crystal filed splitting (Dq) can be
calculated by the following Equation [24].

1_,r*
gZe g )]

Where Dq is a measure of the energy level separation, Z is the charge or valence of the anion, e
is the charge of an electron, r is the radius of the wave function, and R is the bond length. When Lu**
site was substituted by a larger Th®" ion, the distance between Ce** and O became shorter [25]. Since
crystal filed splitting is proportional to 1/R°, the short Ce-O distance increases the crystal field
splitting, also lower the 5d energy level with respect to the 4f ground state. Furthermore, caused by the
increase of crystal filed splitting of Ce®*, the nonradiative transition increases. This is unfavourable for
the luminescence of Ce®*, consequently, the intensity decreases.

Fig.6 shows the energy level diagrams of Ce®*. As shown in Fig. 6, the Ce® has a 4f*
configuration and its excited configuration is 4f°5d" state. The 5d electron of the excited 4f°5d*
configuration forms a 2D term split into 2Dgp and 2Dsy, states, and the 4f electron of the ground 4ft
configuration forms °Fy;, and %Fs, states by spin-orbit coupling. When the sample is illuminated by
blue light, it absorbs strongly blue light, and the yellow light is emitted by transition from the lowest
5d band to the °Fy, and Fs), states of the Ce** ion [23]. Since 5d level is located beyond the orbit of
5s5p, and is not shield by the electronic shell. No doubt that when Th** ion substitutes the Lu** ion, the
5d level suffers a nephelauxetic effect, then the 5d energy level lowers, and the energy difference
between the energy centroids of the 5d* and 4f* configurations decreases. The energy difference can be
expressed as follows Equation [26].

AE(ev) = hv = 1.24/k(um) 3)

Where AE is the energy difference between the energy centroids of the 5d* and 4f'
configurations , 4 is the wavelength of an electron. When the energy level difference decreases, the
wavelength increases, i.e. red shift occurs.

Dg=
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Figure 6. Energy level diagrams of Ce**

The Gaussian curve fittings of (TbyLuix)29Als012: 0.1Ce(x=0,1.0) are shown in Fig. 7.
According to the Guassian curve fittings, we can see that the emission bands are composed of two
broad bands, assigned to the ?Fs;, and F, transition of Ce®*. With the increasing amount of Th**, the
two bands show obvious red-shift, one shifts by 1448 cm™ (from 20000 cm™ to 18552 cm™) and the
other shifts by 1371 cm™ (from 18762 cm™ to 17391 cm™).This is almost in agreement with the
wavelength of the red shift.
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Figure 7. Gaussian curve fittings of (TbyxLu;-x)2.90Als012: 0.1Ce phosphors. x=0, 1.0.
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The variations in color coordinates (X, y) of (TbyxLui.x)29Als012: 0.1Ce are shown in Fig. 8.
Under 450 nm excitation, with the increase of Th** in garnet structure, it shifts towards the saturated
colors. And, the samples turn green to orange.
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Figure 8. CIE coordinates of (ThyLu;.x)2.0Als012: 0.1Ce phosphors. a~e: x=0, 0.2, 0.5, 0.8, and 1.0.

4. CONCLUSIONS

Green to orange tunable Terbium-lutetium aluminum garnet doped with Ce®" ions have been
prepared by solid state reaction. With the substitution of Lu®" ion sites by Tb* ion in garnet structure,
XRD patterns show that the LUAG phase changed gradually to the TAG phase, and with the increase
of Th** the samples are still cubic structure SEM morphologies indicate that the average particle size
of the powders improves. Subjected to the decrease of the difference between the energy centroids of
the 5d* and 4f' configurations and the increase of the effective ligand field on the Ce-5d shell
associated with electronic effects of Th** substituting for Lu*, the emission band shift toward a longer
wavelength by about 37 nm (507 nm to 544 nm) and shift towards the saturated colors, but the
emission intensity of the sample continuously decreases. Depending on the mutual doping effects of
Lu**and Tb*, it exhibits the ability to tune the green to orange phosphors, which benefits to improve
the current white LED.
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