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Abstract: A series of Ce-doped YAG-AI,O; eutectics were grown by the micro-pulling-down
(u-PD) method, for the purpose of high power white light emitting diodes. The eutectic
structure was investigated. A calibrated integrating sphere spectrometer setup was used to
measure the white LED properties of eutectic samples. The CIE color coordinates can be
regulated easily by altering the Ce®" doping concentration and sample thickness of the
Ce:YAG-AI,0; eutectics. A 1 W white LED device based on Ce:YAG-AIl,O; eutectics under
rated current of 350 mA emitted a bright white light with a CIE coordinate of (0.319, 0.334),
a luminous efficiency of 83.0 Im/W and a Duv value of 0.003. The results showed that
Ce:YAG-AI,O; eutectics have better luminous properties than commercial powder phosphors
at high current density.
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Introduction



Solid-state lighting (SSL) changes the way we light the world. White light-emitting diodes
(WLEDs) are now the preferred light source for SSL. The WLED lighting system is a mature
technology, which normally combines visible radiation from a blue GaN chip with the
emission from Ce:Y;3AlsO04, (Ce:YAG) yellow emitting phosphor powder dispersed in resin or
silica gel [1]. However, in the phosphor-converted WLED system, the heat generated from
the LED chip and the wavelength-converting phosphor can’t be efficiently discharged on
account of the poor thermal conductivity of the resin, which increases LED junction
temperature. The performance of WLED systems depends mainly on temperature factors,
which causes luminous decay and color shifting in the WLED because of the thermal
quenching properties of the phosphors [2].

With the development of GaN-based blue LEDs and laser diodes (LDs), the high-
brightness solid state lighting has attracted a wide range of interests in both academy and
industry and requires higher temperature adaptability for lighting equipment [3]. In the past
few years, many methods have been utilized to reduce phosphor operating temperature in
phosphor-converted WLED, such as changing LED chip package structure [4,5] and
improving the thermal conductivity phosphors materials [6-8]. Phosphor plates, including
phosphor-in-glasses [9,10], glass phosphors [11], single-crystal phosphors [12] and ceramic
phosphors [13-15], instead of phosphor powder dispersed in resin/silica gel were widely
studied. Among them, Ce:YAG transparent ceramics and Ce:YAG-AIl,O3 eutectic ceramics
exhibit good fluorescence performance and temperature stability [16-18]. Compared with
Ce:YAG ceramics, the Ce:YAG-AI,O; eutectics ceramic shows a higher thermal conductivity
of 18.5 W m™ K™. At 200°C, its fluorescence intensity only reduces 8%, which is better than
10% of YAG:Ce ceramics [19]. Rayko Simura et al. first attempted to produce Ce:YAG-
Al,O; eutectics by the p-PD method and the measured fluorescence intensity of the sample at
200°C decreased no more than 8% [20], which was comparable with that of Ce:YAG-AI,O4
eutectic ceramics.

Although researchers have done a lot of work on Ce:YAG-Al,O; eutectics [21-23], data on
LED properties of the eutectics with different Ce** concentration is still insufficient. In order
to obtain the data, the u-PD method is a good choice. The method is an economical and quick
crystal growth method from the melt, and allows the growth of fiber-like samples with
diameters in the range from 0.15 mm to 5 mm at a variable pulling rate (0.01-10 mm/min) [24,
25].

In this paper, a series of Ce-doped YAG-AI,O; eutectics have been grown by the p-PD
Method. Structure of the eutectics was examined by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The effect of Ce concentration and slice thickness on the
properties of the eutectics was studied. The spectral power distribution (SPD), CIE
chromaticity coordinates, correlated color temperature (CCT) and distance between source
and blackbody curve (D) were discussed.

2. Eutectic growth and structure

The Ce:YAG-AI,O; eutectics were grown using the u-PD method. Raw materials of Y,0;
(99.999%), Al,O3(99.999%), and CeO, (99.99%) were weighted according to the formula
(Y1xCey)3Als01,-Al,05 (x=0.05%, 0.15%, 0.25%, 0.35% 0.50%, 0.75%, the mole ratio of
Al,03/Y,03 is 81/19). The starting materials were mixed thoroughly in an agate mortar and
pre-sintered in a muffle furnace for 10 h at 1200°C. Then the polycrystalline materials were
loaded into an iridium crucible for crystal growth. The Ce:YAG-AI,O; eutectics were pulled
through the capillary channel at the bottom of the crucible. The capillary outer diameter was 2
mm. A <111> orientation YAG seed was used as the seed and the pulling rate was 0.5
mm/min. The solid-liquid interface and the growing eutectics were observed using a CCD
camera. In order to avoid oxidation of the Ir crucible and after heater, the flowing Ar
atmosphere was used during the solidification process. The obtained Ce:YAG-AIl,O3 eutectic
rods with different Ce concentration are shown in Fig. 1(a). The rods are bright yellow and
have a diameter of about 2.0 mm. Fig. 1(b) shows a polished eutectic slice of 0.35 at.%



Ce:YAG-AI,O5 eutectic with a thickness of 0.3 mm. It can be seen than the slice was
translucent.
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Fig. 1 Photograph of the as-grown Ce:YAG-Al,O; eutectics (a) rods and (b) slice

The crystalline phases of the as-grown eutectics were examined with x-ray powder
diffraction (XRD, Bruker-D2, Germany). The XRD patterns of Ce:YAG-AIl,O; eutectics are
shown in Fig. 2. The diffraction peaks reveal that only the YAG and Al,O; phases exist in the
eutectic system and no impurity phases were observed. From the adiabatic principle of X-ray
diffraction analysis of mixtures [26], the weight ratio of the two phases can be roughly
calculated by the formula:

|Y/|C=K'Wy/WC (1)
Where |y and I are the X-ray strongest intensity of YAG and corundum c. The value of
reference intensity K is 4.38, which can be found from PDF#88-2048. wy and w is weight
percentage of component YAG and corundum c. Assumed that the Al,O3 is corundum
phase, the weight ratio of YAG and Al,O3 was calculated to be 1.42, which is very close to
the ratio of the initial material of 1.43.
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Fig. 2 The XRD pattern of Ce:YAG-AI,0O5 eutectic powder
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Fig. 3(a) Optical microscopy image and (b) the backscattered electron image of Ce:Y AG-Al,O3 eutectic

The morphology of Ce:YAG-AI,O; eutectic was analyzed with a Zeiss optical microscope
and a scanning electron microscope (SEM, JSM6390, JEOL, Kariya, Japan). Fig. 3a shows a
transverse cross-section of a Ce:YAG-AI,03 eutectic grown from starting melt containing 0.75
at.% Ce. Different from the Ce®* concentration distribution in YAG and LUAG crystals [27,
28], the Ce*" concentration distribution is uniform in the eutectics and no visible
concentration gradient can be observed. The backscattered electron image of the eutectic
microstructure is shown in Fig. 3b. As observed by X-ray powder diffraction, only two phases
exist. The dark region corresponds to the a-Al,O5; phase and the grey region corresponds to
the YAG phase. The microstructure resembles an irregularly twisted lamellar structure,
commonly referred as “Chinese Script” microstructure [29]. The boundaries between the
phases were clearly marked. There is no morphology or microstructure fluctuation along the
grown fibers. The morphologies analysis in the beginning, middle and the end of the fiber is
the same.

3. Spectral properties

The samples were cut from the as-grown eutectics and two surfaces perpendicular to the
grow direction were polished for spectral measurements. A fluorescence spectrometer
(FLS920, Edinburgh Instruments, Edinburgh) was adopted to measure the excitation and
emission spectra of Ce:YAG-AI,O; eutectic. Fig. 4 shows the photoluminescence (PL) and
photoluminescence excitation (PLE) spectra of 0.15 at.% Ce:YAG-AI,O; eutectic. The PLE
spectrum shows two bands centered at 343 and 456 nm originating from the 5d — 4f
transition of Ce®". The 456 nm excitation peak has a full width at half maximum (FWHM) of
76.5 nm, which matches well with blue LED chips of different wavelengths. The eutectic
exhibits a typical Ce®*: 5d — 4f broadband emission centered at 542 nm under 450 nm
excitation, which corresponds to doublet sub-emissions from 5d; — F,, and 5d; — Fsp,
transitions of Ce®" ions.
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Fig. 4 PL and PLE spectra of 0.15 at. % Ce:YAG-AI,O; eutectic.

A blue LED chip was used to test the performance of eutectics. The rated current, power,
emission wavelength and size of the blue LED chip were 350 mA, 1 W, 450.2 nm and 0.74 X
0.74 mm?, respectively. To measure the SPD, luminous efficacy (LE), color coordinates,
CCT, color rendering index (Ra) and D, of the eutectic samples with different Ce content
and thickness, a setup consisting of an integrating sphere from Hopoo and a spectrometer
from Everfine (CAS200) was used.

Fig. 5a presents the absolute SPDs of Ce:YAG-Al,O; eutectics prepared using various Ce®*
doping concentration. The absolute SPD is the sum of the eutectic emissions and the non-
absorbed blue light. All eutectic samples show a broad emission peak in the range of 485-700
nm. With increasing the doping concentration from 0.05 at.% to 0.75 at.%, a red shift of about
19 nm was observed for the position of the emission band maximum as shown in the inset of
Fig. 5a, which was attributed to the intensified crystal field around Ce® ions [30, 31]. As
doping concentration increased, the intensity of blue light penetrating through the eutectic
samples was found to decrease for being absorbed by luminescence center directly or through
the lattice. However, the intensity of greenish yellow light did not increase monotonously. It
increased with doping concentration from 0.05 at.% to 0.35 at.%, because the Ce®" ions in the
eutectics activate emission. Furthermore, increasing the doping concentration decreased the
emission intensity, because of the concentration quenching effect [31]. The absolute SPDs of
0.35 at.% Ce:YAG-AI,O; eutectic samples with different thickness and the relationship
between the wavelength of the emission band maximum and thickness of samples are shown
in Fig. 5b. The position of the emission peaks almost kept the same with increasing thickness
of eutectic samples. The intensity of greenish yellow light became stronger gradually as the
thickness of the eutectics increased from 0.30 to 0.72 mm, and then decreased with further
increase of the thickness of the eutectics due to the reabsorption of the emitted light within the
eutectics over a long path length along with a reduction in the emission spectra intensity
[32,33].
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Fig. 5 (a) SPD and the wavelength of emission band maximum (WLM) of Ce:YAG-Al,03 eutectics with different
doping concentration, (b) SPD and the WLM of Ce:YAG-Al,0; eutectics with different thickness.

Based on the SPDs, chromaticity coordinates for the Ce:YAG-AI,O; eutectics with different
Ce* doping concentration are plotted on the CIE-1931 chromaticity diagram [34], as shown
in Fig. 6. With increasing doping concentration in eutectic samples, the color coordinates of
eutectics-based LEDs devices shifted from bluish white to yellowish white along with the
blackbody locus. To clearly see this change, the photographs of WLEDs with operating
current of 350 mA are intuitively displayed in the inset of Fig. 6. The luminous parameters
the devices are listed in Table 1, from which one can see that the luminous efficacy increased
monotonically with the increase of the doping concentration and reached the optimal value at
a doping concentration of 0.35 at.%. However, further increase of the doping concentration
resulted in degradation of luminous efficacy. With the increasing Ce®* doping concentration
in eutectic samples, the CCT decreased from 31180 to 5396 K and the Ra decreased from
77.3 to 65.0. The CCT and D, values of the devices based on Ce:YAG-AI,O; eutectics with
doping concentration of 0.35 at.%, 0.50 at.% and 0.75 at.% were within the range of the
standard values in American National Standard Institute (ANSI) C78.377-2015 [35]. Among
them, an optimal white LED with a luminous efficacy of 83.0 Im/W, a CCT of 6173 K, a Ra
value of 67.3, a D, value of 0.003 and a color coordinate of (0.319, 0.334) was obtained by
employing the 0.35 at.% Ce:YAG-AIl,O; eutectic sample.
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Fig. 6 CIE-1931 (x,y) chromaticity diagram of Ce:YAG-AI,O5 eutectic samples with different doping concentration.
The inset presents the luminescent photographs of the eutectics-based LEDs.

Table 1 Luminous parameters of the WLEDs using xCe:YAG-AI,O3 (x=0.05-0.75 at.%) eutectics with 0.5 mm
thickness.

Ce** content CIE color coordinates LE CCT Ra Duw
(x, at.%) X y (Im/W) (K)

0.05 0.256 0.243 71.3 31180 77.3 -0.008
0.15 0.288 0.297 81.3 8830 72.2 0.000
0.25 0.301 0.315 81.7 7368 70.2 0.002
0.35 0.319 0.334 83.0 6173 67.3 0.003
0.50 0.324 0.337 80.6 5890 66.6 0.002
0.75 0.335 0.343 75.3 5396 65.0 0.000

Fig. 7 depicts the CIE-1931 chromaticity diagram of 0.35 at.% Ce:YAG-AI,O; eutectics
with different thickness. The color coordinates shifted greatly from bluish white to greenish
yellow region with increasing the thickness of eutectics from 0.3 mm to 0.7 mm, and then
shifted from greenish yellow to yellowish white. The photographs of WLEDs with operating
current of 350 mA are illustrated in the inset of Fig. 7. The luminous parameters the devices
are listed in Table 2, from which it can be read that the luminous efficacy increases with
increasing sample thickness from 0.3 mm to 0.7 mm and then decreases with increasing
sample thickness. The CCT dropped from 9206 to 5238 K and the Ra dropped from 73.1 to



63.1 with the increase of sample thickness. It is noted that the LED based on 0.35 at.%
Ce:YAG-AI,O; eutectic sample with a thickness of 0.7 mm showed a highest luminous
efficacy of 93.7 Im/W. However, it also showed a lower Ra value of 63.3 and a larger Dy,
value of 0.011, which didn’t meet the criteria of lighting requirements. The LED based on the
0.35 at.% Ce:YAG-AI,O; eutectic sample with a thickness of 0.5 mm showed the optimal
luminous parameters, taking into account a compromise of luminous efficacy, CCT, Ra and
Du.

0.9
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Fig. 7 CIE-1931 (x,y) chromaticity diagram of 0.35 at.% Ce:YAG-Al,O; eutectic samples with different thickness.
The inset presents the luminescent photographs of the eutectics-based LEDs.

Table 2 Luminous parameters of the WLEDs using 0.35 at.% Ce:YAG-AI,O3 eutectics with different thickness.

Thickness CIE color coordinates LE CCT Ra Duw
(mm) X y (Im/w) (K

0.3 0.289 0.286 79.2 9206 73.1 -0.006
0.5 0.319 0.334 83.0 6173 67.3 0.003
0.6 0.330 0.354 89.8 5612 65.0 0.008
0.7 0.338 0.367 93.7 5313 63.3 0.011
1.0 0.339 0.363 84.2 5252 63.1 0.008
13 0.340 0.361 82.3 5238 63.1 0.007




Fig. 8 presents the current dependence of the CCT (solid lines) and luminous efficacy
(dotted lines) of eutectics-based (0.35 at.%, 0.5 mm) LED in comparison to the tendencies of
the commercial phosphor-converted white LED based on phosphors and resin. The CCT of
both LEDs tend to increase with the increasing value of applied current. The commercial
phosphor-converted white LED increases its CCT from 6270 K to 7732 K, while the CCT
value of eutectics-based LED was maintained at a relatively small region of 58666173 K.
With the increase of current density, the luminous efficacy of both LEDs reduces
dramatically. The luminous efficacy of eutectics-based LED decreased from 130.7 Im/W to
83.0 Im/W, while commercial package showed almost twice reduction in the same current
range: from 173.7 Im/W to 67.4 Im/W. The above results demonstrated that the eutectics-
based LED is more promising at higher current density.
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Fig. 8 The CCT (solid lines) and luminous efficacy (dotted lines) of Ce:YAG-AI,O; eutectics-based LED (triangle)
and commercial powder phosphors-based LED (roundness) with the current density of LED.

3. Conclusions

In summary, YAG-Al,O; ceramic eutectics with different Ce** doping concentration were
successfully grown by the p-PD method and demonstrated for use in high power white light
emitting diodes. The eutectic structure was studied. Among the different Ce®* doping
concentration and sample thickness, 0.35 at.% Ce:YAG-AIl,O; eutectic with the thickness of
0.5 mm showed the best luminous properties. Under a high rated current of 350 mA, the
WLED device with a 1 W blue LED chip showed good luminous performance: a luminous
efficiency of 83.0 Im/W, a Duv value of 0.003, a suitable CCT of 6173 K, as well as a CIE
coordinate of (0.319, 0.334) near the position of white light. The eutectic showed better
luminous properties than commercial powder phosphors at high current density. All the
results show that the Ce:YAG-AI,O; eutectics are promising materials for white LED
application.
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