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Abstract: Achieving high luminous efficiency, high brightness and good thermal stability is an urgent requirement
for solid-state lighting. Therefore, the high-performance color converters for high-power light-emitting diodes or laser
diodes (LEDs/LDs) are significant to be explored. In this work, an effective strategy to improve the luminescent
properties of YAG: Ce color converters through method of component regulation was realized in YAG : Ce transparent
ceramic phosphors (TCPs) by incorporating Lu™ ions. We prepared (Lu, Y);Al50,,: Ce TCPs(LuYAG: Ce TCPs)
with different Lu™ contents by the solid-state reaction and vacuum sintering method. With the increase of Lu* con-
tent, the Y sites in LuYAG: Ce TCPs were substituted by Lu™ sites, and the emission peaks of Ce’ were blue-shift-
ed from 573 nm to 563 nm. When the Lu®* content was 60%, the emission intensity reached the maximum value and
the luminous efficiency reached 114 Im + W™ by combining the LuYAG: Ce TCPs with a blue LED. A 450 nm laser
source was used to construct a laser-driven lighting device in a transmission mode. As the power density increased
from 2.2 W-mm~to 39 W+mm™, the luminous flux of the TCP with 60% Lu’* substitution increased from 128 Im to
1 874 Im with no signs of luminescence saturation and the optimum luminous efficiency reached 128 Im+W™". Thus,

the LuYAG: Ce TCPs are expected to be potential color conversion materials for high-power LEDs/LDs lighting.
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1 Introduction

Solid-state lighting (SSL) owns the advantages
of high brightness, high efficiency, long service life
and environmental protection, which has been wide-
ly used in automobile, aviation and navigation,

1-5
et

Commonly used solid-state illuminators are
mainly composed of color conversion materials and
blue light-emitting diodes (LEDs). Color conversion
materials mainly include phosphor, phosphor in
glasses (PiGs), single crystal phosphors (SCPs) and
transparent ceramic phosphors (TCPs)"*”. With the
development of high-brightness and high-efficiency
laser diodes (LDs), thermally quenchable phosphor
and PiGs are gradually substituted by SCPs and

TCPs with better thermal stability™".

Transparent
ceramic phosphors possess good thermal properties
and high chemical stability, as well as the advantag-
es of adjustable microstructure and simple prepara-
tion process, which is lower cost than SCPs""™. The
widely used yellow phosphor Y;Al;0,,: Ce™ (YAG:
Ce) TCPs can be excited to yellow light by blue
light, and then the yellow light can mixed with the
transmitted blue light to generate white light'*""

Component regulation of YAG: Ce phosphor has
been proven to be a reliable strategy to improve the
For instance,

pairs, S¢™ and Lu™-Sc¢™

luminescence performance of TCPs.
Mg2+_Si4+
pairs into YAG: Ce phosphor can effectively regulate

introducing Gd™,

spectral characteristics and improve luminescent

18-23 . . .
"2 However, the increasing power densi-

properties
ty of blue LEDs and LDs put forward higher require-
ments on the thermal stability of YAG: Ce TCPs.
Therefore, it is significant to obtain the YAG: Ce
TCPs with excellent thermal stability.

LusAl;0,:Ce™(LuAG:Ce) TCPs are also suitable

for high-power SSLs, which have many advantages
such as high luminous efficiency and low thermal
quenching among common phosphors, but LuAG: Ce
TCPs require stricter sintering condition™?”. Lu™
(175) ions have a higher atomic weight than Y
(89) ions and the 4f sublayer of Lu*
pletely filled with electrons, leading to the thermal

stability of LuAG higher than that of YAG™,

ions is com-

Therefore, replacing Y** sites with Lu™ sites in YAG:
Ce TCPs can not only improve the thermal stability
but also maintain excellent luminescent properties.
At present, there are some researches about LuYAG:
prepared a se-

ries of LuYAG: Ce TCPs and obtained excllent LED

Ce TCPs. For example, Ling et al. ™

luminous properties. However, there are still few rel-
evant studies about LuYAG: Ce TCPs and lumines-
cent properties for LD lighting need to be further ex-
plored. In this work, we investigated the variation of
crystal structure and spectral characteristics of Ce™
when Lu™ substituted Y** into the dodecahedron site
of the YAG host, which could influence luminescent
properties of LuYAG: Ce TCPs, and proved that
LuYAG: Ce TCPs have great potential as the color
converter for high-brightness SSL applications. A se-
ries of LuYAG: Ce TCPs with different Lu’* contents
were fabricated by solid-state reactive sintering in
vacuum. The phase and microstructure of the ceram-
ics were characterized by XRD and SEM. The in-
line transmittance and PL/PLE spectra were tested.
The luminous properties such as luminous flux and
luminous efficiency by combining the prepared ce-
ramics with a high-power blue LED and LD were
measured. Moreover, the suitability of LuYAG: Ce
TCPs used as color converters for high-brightness

solid-state lighting application was evaluated.



966 K b/

¥R 44 &

2 Experiment

Ceramic samples with the chemical formula of
(Ceq. 001 Yo, 000.Lu,)3A150,, (2= 0, 0.2, 0.4, 0.6,
0.8, 0.999) were prepared by high temperature
solid-state Y50,
(99.999%, Shanghai Sinian metal materials Co. ,
Ltd), Luy05(99. 999%, Jining Zhongkai New Materi-
als Co., Ltd), a-Al,05(99.99%, Fenghe Ceramic
Co., Ltd), Ce0,(99. 995%, Fujian Changting Gold-

en Dragon Co., Ltd) were used as raw materials.

reaction method. Commercial

Above raw powders were weighed according to the
stoichiometric ratio and then mixed by ball milling
for 12 h in ethanol, with 0. 8% TEOS(99. 999%, Al-
fa Aesar) and 0.08% MgO (99.998%, Alfa Aesar)
as sintering aids. The powder mixtures were dried at
70 °C for 2 h, sieved through a 200-mesh screen and
calcined at 600 “C in air for 4 h to remove the organ-
ic impurities. Then mixed powders were pressed in-
to disks with a diameter of 20 mm under 20 MPa and
cold-pressed under 250 MPa for 3 min. The pretreat-
ed disks were sintered at 1 800 C in vacuum atmo-
sphere for 10 h and annealed at 1 450 °C in air for
10 h. Eventually, both sides of the composite ceram-
ics were polished to 1.6 mm for further measure-
ments.

The X-ray diffraction (XRD) patterns of these
ceramics were obtained using an X-ray diffractometer
(Ultima IV, Rigaku, Japan), with Cu Ka radiation
in the angle range covered from 10° to 80°. The mi-
crostructure was characterized by a field-emission

scanning electron microscopy (FESEM SU8220, Hit-

Fig.1 FESEM morphologies of raw material powder. (a)Y,05. (b)Lu,05. (¢)a-AL0;. (d)CeO,.

achi, Japan). The distribution of pores and impuri-
ties in transparent ceramics were analyzed by a
transmission optical microscope (TOM BX51, Olym-
pus, Japan). The in-line transmittance curves of the
ceramics over the wavelength range from 200 nm to
800 nm were tested by a UV-VIS spectrophotometer
(Cary 5000, Varian Medical System Inc. Palo Alto,
USA). The photoluminescence (PL) and photolumi-
nescence excitation(PLE) spectra were tested by us-
ing the homemade multi-function combined fluores-
cence spectrum test system (SicOmni-I) equipped
with VX-XBO 150 W xenon lamp, Omni-A3007 (Zo-
lix, China) monochromator, PMTH-S1-CR131 photo-
multiplier tube and LHM254 mercury lamp. These
transparent ceramic phosphors were packaged into
LED chip-on board (COB) modules with commercial
460 nm blue chips and constructed by a 450 nm la-
ser source in a reflection mode. The related room-
temperature luminous efficiency(LE), luminous flux
(LF) and electroluminescent properties were mea-
sured by an integrating sphere connected to a CCD

spectrometer( OHSP-350, Hopoocolor, China).

3 Results and Discussion

Fig. 1 shows FESEM morphologies of the raw
powder. The average primary particle size of Y,0;
and Lu,03; was 92. 1 nm and 241. 6 nm respectively
by the mathematical statistics method. Moreover,
the average primary particle size of a-Al,0; and CeO,
was calculated to be 177.7 nm and 43.4 nm thr-
ough conversion of specific surface area. In terms of

powder morphology, Y,0; was lamellar and Lu,0;
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exhibited massive morphology with mesoporous.
Al,O; raw powder presented dumbbell shape with
some degree of agglomeration and CeO, nano powder
was fine and evenly distributed.

Fig. 2 shows LuYAG: Ce TCPs with different
Lu™ contents ranging from 0%—-99. 9%. The double-
surface polished ceramics had the diameter of 15
mm and the thickness of 1.6 mm. The text at the
bottom of the samples was clearly visible, which indi-
cated the ceramics have great optical transmittance.
With the increase of Lu® content in LuYAG: Ce
TCPs, the color of the ceramics changed from yellow
to yellow-green under natural illumination, which

was related to the absorption of Ce™.

® @
e &

Fig.2  Photograph of 1.6 mm thick LuYAG: Ce TCPs with
x%Lu(x=0, 20, 40, 60, 80, 99.9) under natural il-

lumination

The XRD patterns of the samples are shown in
Fig. 3. With the increase of Lu’* content, the charac-
teristic peaks of LuYAG: Ce TCPs conformed to the
change from YAG phase (JCPDS#33-0040) to LuAG
phase (JCPDS#73-1368), and no hetero peak was
detected, indicating that the prepared samples could
be a single pure phase or contain a very small

amount of unobserved secondary phase. With the

addition of CeO, into LuYAG, Ce* would be reduced
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Fig.3 XRD patterns of LuYAG: Ce TCPs with % Lu(x= 0,
20, 40, 60, 80, 99.9)

to Ce’ under the vacuum sintering condition and en-
ter the lattice to replace the Y** or Lu® in the dodeca-
hedron. The 26 diffraction peaks moved to higher
angle between 33° and 34° because the radius of Lu™
(0.084 nm) is slightly smaller than that of Y™
(0.090 nm), which can result in the lattice contrac-
tion.

SEM images were carried out to insight the mi-
crostructure of LuYAG: Ce TCPs, which were ther-
mally etched at 1 450 °C for 3 h in air before SEM
observation, as displayed in Fig. 4(a)-(f). It could
be found that all the ceramics exhibited clear grain
boundaries and some residual visible pores have been
detected. Average grain sizes of (Ceg g1 Yo, 999 L11,)3 -
Al;0,, TCPs (x = 0, 0.2, 0.4, 0.6, 0.8, 0.999)
were measured to be 10.32, 11.73, 20.20, 19.77,
18.31, 25. 01 wm, respectively. There was the sec-
ondary phase observed from YAG: Ce TCPs. Ac-
cording to the EDS analysis shown in Fig. 5, the part
1 proportion of metal cation Y: Al was 1. 6:5, which
deviated from normal proportion Y: Al=3:5, so the
secondary phase was Al-rich phase, which was most
likely Al,0; phase. The secondary phase in YAG:
Ce TCP had a few content because it was not ob-
served by XRD patterns of LuYAG: Ce TCPs. As
shown in Fig. 4 (g) - (1), there were pores observed
inside the TCPs, which can reduce the optical quali-
ty of the ceramics. Furthermore, it is obvious that
more and larger pores can be found inside the
(Lug,¢Yo 4) AG: Ce TCPs, which may be attributed to
the more complicated diffusion reaction™.

The in-line transmittance of LuYAG: Ce TCPs
with a thickness of 1.6 mm is shown in Fig. 6(a).
The absorption between 300-400 nm and another
between 400-500 nm were caused by the 4f'—5d'
transition of Ce™. As shown in Fig. 6(b), the in-line
transmittance at 800 nm and 400 nm presented a
trend of decreasing first and then increasing. When
the Lu’ content reached 60%, the in-line transmit-
tance curves of LuYAG: Ce TCPs at 800 nm de-
creased significantly, which can be caused by the
scattering centers in TCPs like pores and the second-

ary phase.
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Fig.4 SEM images( (a)—=(f)) and TOM images( (g)=(1)) of the (Ceqgy Yoo00-.l:1,)3A150,, TCPs(x= 0, 0.2, 0.4, 0.6, 0.8,
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Fig.5 EDS analysis of YAG: Ce TCP. (a)The select area. (h) The secondary phase. (¢)The basal body.
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Fig.6
Lu™ contents

Fig. 7 (a) shows the excitation and emission
spectra of LuYAG: Ce TCPs at room temperature.
The excitation peaks located between 300-400 nm
and 400-500 nm can be attributed to the transition
of Ce™ from the ground state *Fs;, to the two excited
states 5d, and 5d; respectively, which was consis-

137]

tent with the relevant report Under the excitation
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In-line transmittance curves(a) and in-line transmittance (b) at 400 nm and 800 nm of LuYAG: Ce TCPs with different

at the wavelength of 469 nm, the emission bands of
LuYAG: Ce TCPs in the range of 500-650 nm origi-
nated from the 4{’5d'—4{'5d" transition of Ce™. The
4f orbital was split into two energy levels (°Fs, and
’Fs5,) due to spin-orbit coupling. With the increase
of Lu™ content, the intensity of excitation and emis-

sion peaks presented a trend of first increase and
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then decrease. When the Lu™ content was 60%,
the
reached the maximum. The reason for this result

PLE/PL

data collected the reflected light from ceramic sur-

intensity of excitation and emission peaks

was related to the in-line transmittance.

face and the part of internal scattered and refracted
light. Thus, the PLE/PL intensity would be lower
as TCPs with high in-line transmittance passed
through more light.

Fig. 7(b) is the normalized emission spectrum
of LuYAG: Ce TCPs. With the increase of Lu®™ con-
tent, the emission peak position of Ce™ was blue-

shifted from 573 nm to 563 nm. This was mainly

30,38-40
I: on the one

caused by the following two factors'
hand, the electronegativity of Lu™ (1.27) is greater
than that of Y (1.22), so the 5d level of Ce™ in
LuYAG: Ce TCPs shifts to higher energy level due to
the increase of average electronegativity. On the oth-
er hand, the radius of Lu™ is smaller than that of Y™,
making the crystal structure of LuYAG: Ce contract-
ed, thereby reducing the degree of splitting of the
Ce™
of Ce’ in normalized PLE spectra ranging 440-480

nm(Fig. 7(¢)) was also blue-shifted from 469 nm to

crystal field. Thus, the excitation peak position

466 nm and the excitation peak position of Ce™

in normalized PLE spectra ranging 320-360 nm(Fig.
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480 nm and 320-360 nm of LuYAG: Ce TCPs with different Lu’* contents.

7(d)) was red-shifted from 343 nm to 350 nm. Fig.
8 showed the energy levels of the ground state 4f and
excited state 5d orbitals of Ce™ in YAG: Ce and LuY -
AG:Ce. Therefore, the variation in emission and ex-
citation spectra of Ce’ can be attributed to the com-
bined action of above factors.

Different test methods would obtain different lu-
minescent properties, so LuYAG: Ce TCPs with dif-
ferent Lu™ contents were tested for luminescent prop-
erties in a 460 nm LED COB module and a 450 nm

LD remote excitation mode respectively to ensure

5, Sp—

(a)PL and PLE spectra. (b)Normalized PL spectra ranging 550-590 nm. (¢)—(d) Normalized PLE spectra ranging 440

5d,
5d,
5d,
5d energy level
splitting reduction
Blue light =—* Blue light=—*
ZF7/2 2F7/2
Fspa Fspa
YAG:Ce (Lu,Y)AG:Ce

Fig.8 Energy levels diagram of 4f ground state and 5d excit-
ed state of Ce™ in YAG:Ce and LuYAG: Ce
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the reliability of the test results. Fig. 9 (a) showed
the luminous efficiency and luminous flux of LuYAG:
Ce TCPs rose first and then descended under the
excitation of 460 nm blue light based on 2. 7 W LED
devices with the increase of Lu® content. The rea-
son behind the above phenomenon was that the
pores and secondary phases in the ceramics can be
scattering centers to increase the optical path of blue
light, leading to the enhancement of luminous effi-
ciency™. According to the TOM images(Fig. 4(g)—
(1) ), the porosity in LuYAG: Ce TCPs increased
first and then decreased with the increase of Lu*",
which was the main reason for the change of lumi-
nous efficiency and luminous flux. As the Lu™ con-
tent was 60%, the LuYAG: Ce TCP with the maxi-
mum content of pores exhibited the optimum lumi-
nous efficiency and luminous flux of 114 Im* W™ and

307 Im, respectively, which was verified by the PLE/

(a) 310[-=- Luminous flux

A-Luminous efficiency M
’ 115
300} Mg

290t / ~_, 1110

280r {105

270f
4100

Luminous flux/lm

1
60 80 999

Lu*" content/%

90

Ra
w
]

30} i
28t
26F ————n

20 40 60 80 999

Lu** content/%

ok

Luminous efficiency/(Im-W™")

PL intensity. As shown in Fig. 9(b), the electrolu-
minescent (EL) spectra revealed the exceptionally
low peak of 460 nm and the wide band ranging from
475 nm to 750 nm. The extremely low peak of 460
nm indicated the sufficient absorption of the pump-
ing blue light by Ce™. With the increase of Lu™ con-
tent, the broad band ranging from 475 nm to 750 nm
rendered more green spectral component, which was
related to the spectral blue shift of LuYAG: Ce TCPs,
accordingly leading to the correlated color tempera-
ture(CCT) ascended from 4 466 to 6 170 and the Ra
decreased from 38 to 26 (Fig. 9(c¢) ). As a result,
the chromaticity coordinate also varied from (0. 399 3,
0.561 9) to (0.296 8, 0.568) (Fig. 9(d) ). Here
we compared the results with the study on GAYAG: Ce
TCPs applied in LED (luminous efficiency: 63. 70—
81.75 Im/W)". The luminous efficiency was impro-
ved in LuYAG:Ce TCPs used in LED COB module.

400 450 500 550 600 650 700 750
A/nm

(d)

0 0.1 02 03 04 05 0.6

Fig.9 (a)Luminous efficiency and luminous flux. (b) EL spectra. (¢) CCT and Ra. (d) Chromaticity coordinate of LuYAG: Ce

TCPs with different Lu® contents under blue LED excitation.

The LuYAG: Ce TCPs were constructed by us-
ing a 450 nm LD remote excitation in transmission
mode (diameter of laser light spot: 0. 76 mm). The
luminous efficiency, luminous flux and EL spectra
at different power densities based laser lighting de-

vice were exhibited in Fig. 10. It could be seen

that the luminous efficiency and luminous flux of
LuYAG: Ce TCPs based LDs showed the similar
change trend with those observed from the LED de-
vices. The luminous efficiency and luminous flux
of the LD devices (under 2.2 W-+mm™ blue laser
excitation ) reached as high as 128 Im* W™ and 128
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Im, respectively (Fig. 10 (a) ), as the Lu™ content
was 60%. By increasing the power density to 27. 3
W mm~, the (Lug¢Yo4) AG: Ce TCPs acted out
superior luminous flux (1 459 Im) than LD devices
with the low output power, but the luminous effi-
ciency decreased to 118 Im * W', which indicated
the conversion efficiency from excitation to emis-
sion decreased to some extent (Fig. 10 (b) ). The
EL spectra under the excitation of 27.3 W+mm™
LD was shown in Fig. 10 (¢). Similarly, the wide
band ranging from 475 nm to 750 nm rendered
more green spectral component with increasing Lu’
content. However, compared with the LED devices,
there were more blue components in the EL spectra
based LDs, which indicated the part of blue light

from LD source was mixed with the conversion

(a) 130F 2 Tuminous flux

-A- Luminous efficiency 4130 TT\
125¢ /‘\ =
1125 =
| ,- \ E
:‘= 0 ‘\. -
= w/ ~ 1120 =
= 115F / / ~A =
A %)
$ 1o} e 12
g =
5 .//A/ {110 ©
§ 105F - ]
2 A i 2
100k 105 2
1 El
95E 1 1 1 1 1 100 ~
0 20 40 60 80 99.9
Lu* content/%
(¢)
99.9
80

400 450 500 550 600 650 700 750
A/nm

ranging from 475 nm to 750 nm rather than ab-
sorbed by Ce™. Fig. 10 (d) showed the variety of
(Ceg. 001 Yo, 999 LusAls0 1, TCPs (x =0. 4, 0. 6, 0. 999)
luminous flux with increasing the input power densi-
ty from 2.2 W mm™to 39 W-mm™. As the input
power density reached 34 W * mm™, the luminous
flux of (Lug 4Ye¢) AG: Ce TCPs reached the opti-
mum and then declined with the further increase of
power density. However, (Lug ¢Yo4) AG: Ce TCPs
exhibited no luminescence saturation with the pow-
er density increased to 39 W+ mm™( Maximum pow-
er density of equipment), and presented the opti-
mum luminous flux of 1 874 Im, which was higher
than LuAG: Ce TCPs(1 850 Im). Therefore, LuY -
AG: Ce TCPs are promising color converters for use

in high-brightness SSL applications.

(b) -m- Luminous flux 1130

1450}-4- Luminous efficiency ™
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Fig.10 Luminous efficiency and luminous flux of LuYAG: Ce TCPs with different Lu™ contents under 2.2 W+mm™(a) and 27.3

W+mm™(b) blue laser excitation. (¢)EL spectra under 27.3 W *mm™ blue laser excitation. (d) Luminous flux as a func-

tion of laser power density.

4  Conclusion

In summary, a series of LuYAG: Ce TCPs with
different Lu™ contents were prepared by the solid-
state reaction method. The microstructure and opti-
cal properties of LuYAG: Ce TCPs were investigat-

ed. It turned out that Lu™ sites can successfully en-

ter the YAG lattice and replace Y™ sites to form
LuYAG: Ce phase, which could improve the thermal
stability of LuYAG: Ce TCPs to ensure high bright-
ness and efficiency in lighting applications. The
(Lug.¢Yg 4) AG: Ce TCPs exhibited a high luminous
efficiency of 114 Im - W™' by combining the LuYAG:Ce
TCs with a 460 nm blue LED chip and demonstrated
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the optimum luminous efficiency of 128 Im*W™" and lu- phor converters for high-brightness SSL applications.
minous flux of 128-1 874 Im under the excitation of

different incident laser power densities (2. 2-39 W- Response Letter is available for this paper at:http://
mm~). Therefore, the results indicate that the de- cjl. lightpublishing. cn/thesisDetails#10. 37188/CJL.
signed TCPs can be prospectively potential in phos- 20220435.
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