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Preparation of YAG:Ce Nanoparticles by Laser Ablation in Liquid and
Demonstration of White Light Emitting Diode
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YAG:Ce nanoparticles were successfully prepared by laser ablation in liquid, and white light emit-
ting diode (LED) with them was demonstrated. Laser (Nd:YAG, second harmonic generation (SHG),
13 ns, 532 nm, 10 Hz) was used to prepare the nanoparticles. X-ray diffraction showed that the nano-
particles were YAG:Ce, and no byproducts were produced . Pellet as raw material was minitualized
by laser irradiation, and the primary particle size decreased as the laser fluence increased, producing
nanoparticles with a primary size of 30 nm. The excitation spectrum of YAG:Ce nanoparticles had
peaks around 339 nm and 457 nm, and the fluorescence spectrum had a broad peak between 528 and
540 nm. The blue emission from white LED was increased because scattering optical losses decreased.
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1. Introduction

Nanoparticles are useful for applications in various areas
such as catalysts, biomaterials, and electronic materials be-
cause nanoparticles have an extremely large specific surface
area and exhibit properties different from those of the bulk.
In general, nanoparticles are prepared by solid-phase reac-
tion methods [1], sol-gel methods [2], and so on. The laser
ablation in liquid [3-13] has attracted attention in recent
years as a relatively new nanoparticle preparation method.
Nanoparticles are able to be prepared by laser ablation in
liquid using various compounds and liquids as raw materials,
and several nanoparticle formation mechanisms and their
applications were introduced in detail by D. Zhang et al [14].

Laser ablation in liquid is a method to produce nanopar-
ticles by irradiating a target material in a liquid with a pulsed
laser and then miniaturizing it. The principle of nanoparticle
production by laser ablation in liquid is that laser irradiation
of the target material creates a plasma of the target material,
which is then rapidly cooled by the solvent surrounding the
plasma to form clusters, after which nanoparticles are pro-
duced [15-17]. The characteristics of laser ablation in liquid
include the following. Nanoparticles with high crystallinity
can be obtained due to the high temperature and pressure
conditions [18]. The collection rate is high because all the
prepared nanoparticles are present in the liquid. The pre-
pared nanoparticles are obtained as colloids, making them
easy to handle. The size and shape of the nanoparticles can
be controlled by changing the laser conditions [19,20]. Ag-
gregation and dispersion can be controlled by adding surfac-
tants to the solvent [5].

Light Emitting Diode (LED) is a device that emits light
when an electric current is applied, and is widely used in
traffic signals, automobile headlights, electric billboards,
outdoor displays, and other applications. Compared to con-
ventional light sources, LEDs have features such as long life
and low power consumption that place a low burden on the
environment. White LEDs [21] are made by placing a yellow
phosphor in front of a blue LED [22] to achieve white color

with blue and yellow. The best known yellow phosphor to
combine with blue LEDs when fabricating white LEDs is
YAG:Ce (Y3Al5012:Ce) [23]. Ce-doped YAG (Yttrium Alu-
minum Garnet) is an oxide, and a part of the crystal site of Y
is replaced with Ce [23]. The advantages of YAG:Ce are low
production cost and high luminous efficiency, and it is used
as a phosphor material for lighting, bio-imaging, scintillators,
etc. [23].

YAG:Ce nanoparticles were tried to be used for white
LED [24]. Because blue light from blue LEDs passes
through the yellow phosphor particles to reach the human
eye, the intensity of blue light is likely to be reduced by light
scattering loss at the yellow phosphor particles [24]. The
light scattering loss can be decreased by the decrease in par-
ticle size of yellow phosphor as shown in equation (1) [25],
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Iy = ZmE | (1 + cos);, 1)
where /; is Rayleigh scattering intensity of one particle, /; is
intensity of incident light, N,, is refractive index of the me-
dium, « is particle diameter, N, is refractive index of the par-
ticle, m = N,/N,, is relative refractive index, 4 is wavelength
of incident light, 7 is distance between observation point and
particle, and 6 is scattering angle [25]. Since the scattering
intensity is proportional to the sixth power of the particle di-
ameter, the scattered light can be suppressed by the usage of
YAG:Ce nanoparticles.

In this study, YAG:Ce nanoparticles are prepared by a
laser ablation method in liquid and characterized. White
LEDs are demonstrated by using these nanoparticles in com-
bination with blue LEDs and their luminescence properties
are evaluated.

2. Experimental methods

YAG:Ce powder (YAG C28P-KBYA-24, Tokyo Chemi-
cal Laboratory Co. 0.80 g) was added to aqueous solution of
polyvinyl alcohol (Molecular weight: 2000, 5 wt%, 40 pL).
The mixture was filled into a tablet mold (PT-10, Japan
Spectroscopy Co.) and pressed using a hydraulic press (3.84
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t) for 10 minutes to produce pellets. The pellets were sintered
in a tube furnace. The sintering conditions were as follows:
the temperature was raised to 800°C, kept at 800°C for 2
hours and 40 minutes, then raised to 1550°C, kept at 1550°C
for 8 hours, and cooled to room temperature. To prevent ox-
idation from Ce*" to Ce*" during sintering, the electric fur-
nace was kept under a nitrogen atmosphere.

Pellets and ultrapure water (30 ml) were added to a glass
cell, and laser beam (SL8585G, Spectron Laser Systems,
wavelength: 532 nm, pulse width: 13 ns, repetition fre-
quency: 10 Hz) was irradiated to the top of the pellet for 10
minutes to obtain nanoparticles.

The crystal structure of the nanoparticles was investi-
gated by X-ray diffraction (XRD). The nanoparticle-dis-
persed aqueous solution was powdered by a freeze dry
(FDU-1200, EYELA) for XRD measurement. The primary
particle size was measured by scanning electron microscope
(SEM, acceleration voltage: 5 kV). The samples for SEM
were prepared by dropping 10 pl of nanoparticle-dispersed
aqueous solution onto a copper grid with a carbon support
film and allowing it to dry. Photoluminescence (PL) and
Photoluminescence Excitation (PLE) spectra were measured
using a fluorescence spectrophotometer.

YAG:Ce nanoparticle-dispersed films were prepared for
evaluation of white LEDs. Two-component mixture type sil-
icone encapsulant (Transparent organic material, LPS-
3419A and LPS-3419B, Shin-Etsu Chemical Co.) was
stirred for 10 minutes. YAG:Ce nanoparticles were added to
the silicone encapsulant and remixed. For concentration-de-
pendent evaluation, the nanoparticle concentration relative
to the encapsulant was set as 0.0, 0.05, 0.1, and 0.2 g/mL,
and for fluence-dependent evaluation, 0.1 g/mL. A mold was
prepared with a 1 mm thick glass slide on a plastic film, and
the mixture of YAG:Ce nanoparticles and silicone was
poured into it with a syringe. The film (thickness: 1 mm) was
prepared by the doctor-blade method, and the film was dried
at 60°C for 2 hours first, then at 150°C for 4 hours using a
constant-temperature dryer. The film was placed in front of
a blue LED (OSB5XNE3C1S, OptoSupply, 3 W) with heat
sink. Voltage (2.6 to 3.6 V) was applied by a power supply
(PMC-35-2A, Kikusui Electronics Co.), and spectra were
measured with a fluorescence spectrophotometer (F-7000,
Hitachi High-Technologies Co.).

3. Results and discussion

Figure 1 shows the XRD patterns of the nanoparticles
produced at each laser fluence. They were corresponded to
Y3Als01, garnet structure as matrix, which belongs to the
cubic system of space group la3d [26]. Yttrium Aluminum
Monoclinic Y4AL,09 (YAM), Yttrium Aluminum Hexagonal
YAIOs3 (YAH), Yttrium Aluminum Perovskite YAIOs (YAP),
the angles of the strongest peaks in XRD patterns of which
were different from that of YAG, and CeO> could be by-
products, which reduced photoluminescence [26], but they
were not produced. The ionic radius of Y* is 1.02 A, which
is slightly smaller than that of Ce**, 1.14 A, but can be sub-
stituted, and this difference in ionic radii results in the for-
mation of a Ce level within the energy level of YAG [26].
The formation of by-products due to laser irradiation would
be suppressed because the peak positions and intensity ratios
of the nanoparticles in Figure 1 were almost the same as

those of the raw material, and only the YAG peak was ob-
served.
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Fig. 1 XRD spectra of (a) raw material and nanoparticles at
each laser fluence: (b) 1.0 J/cm?, (c) 2.0 J/em?, (d) 3.7
J/em? and (e) 5.0 J/cm?.

Figure 2 shows SEM images of the raw material, and na-
noparticles produced at each laser fluence. The primary par-
ticle size of the raw material consisted of particles ranging
from a few pum to several tens of pm, and this average pri-
mary particle size was 21.3 um. In contrast, the primary par-
ticle size of the nanoparticles was several tens of nm, indi-
cating that nanoparticles were formed from the micron-size
raw material by the miniaturization. As shown in Figure 3,
the average primary particle size decreased with the increase
in laser fluence at low laser fluences and was nearly constant
at around 30 nm at high fluences above 2.0 J/cm?. The ag-
gregated fine nanoparticles at 5.0 J/em? would be partially
melted due to the higher laser fluence to create slightly larger
nanoparticles. Hence, the average particle size and the stand-
ard deviation at 5.0 J/cm? were slightly increased compared
to those at 3.7 J/ecm?. Two processes have been proposed for
the formation of nanoparticles by laser ablation in liquids:
Coulomb explosion and thermal explosion [27], and both
formation mechanisms show that an increase in laser fluence
leads to an increase in miniaturization. The increase in spe-
cific surface area due to miniaturization would increase the
heat and other transfer from the particles to the solvent, mak-
ing it more difficult for the particle temperature to increase
and suppressing miniaturization.

500 nm 500 nm

500 nm 500'nm 500 nm

Fig. 2 SEM images of (a) raw material and nanoparticles at
each fluence ((b) 0.50 J/cm?, (c) 1.0 J/cm? , (d) 2.0
J/em? , (e) 3.7 J/em? and (f) 5.0 J/cm?).
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Figure 4 shows PL spectra of nanoparticles. YAG is
transparent in visible light region, but doping with Ce pro-
duces the energy levels of Ce*", and absorption. The electron
configuration of Ce*" is 1s22s?2p®3s?3p©3d'%4s24p®4d'04f! 552
5p®, and YAG:Ce emits by the transition of electron between
the 4f and 5d orbitals [28,29]. Because the 4f orbital splits
into 2F7 and ?Fsp, the PL spectrum has two peaks at 530 nm
and 575 nm, which is observed as one broad peak [28,29].
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Fig. 3 The primary particle size as a function of laser fluence.
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Fig. 4 PL spectrum of nanoparticles at 3.7 J/cm?.
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Fig. 5 Average peak wavelength of PL spectra as a function
of laser fluence.

Figure 5 shows the average peak wavelengths of the PL
spectra of the YAG:Ce nanoparticles. It was blue-shifted

with the increase in laser fluence. There are several reports
that the band gap increased when nanoparticles are formed
[30-32], and this effect shortened the emission wavelength
of the activator [24,33]. It was believed that this trend was
observed in this study as well. When the fluence was in-
creased above 2.0 J/cm?, the average peak wavelength
tended to remain constant around 529 nm.

Figure 6 shows PLE spectrum of nanoparticles. PLE had
two peaks at 340 nm and 460 nm due to splitting. 4f electron
is excited from the 5d orbital by light irradiation, and then
emission is observed when the 5d electron returns to the 4f
orbitals [28,29]. The energy difference between the absorp-
tion and emission wavelengths is called the Stokes shift A4S,
which is caused by the excited electron relaxing to the lower
state while releasing energy as heat [28,29]. Figures 7(a) and
(b) show the average peak wavelengths of the excitation
spectra of nanoparticles. The average peak wavelengths
were around 339 nm and 457 nm, which were constant and
did not change when the laser fluence was changed.
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Fig. 6 PLE spectrum of nanoparticles at 3.7 J/cm?.
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Fig. 7 Average peak wavelength of PLE spectra at (a) short
and (b) long wavelength as a function of laser fluence.
Aem: 540 nm.

The emission spectrum of white LED fabricated by com-
bining a YAG:Ce nanoparticle-dispersed film and a blue
LED was measured. Figure 8 shows the concentration de-
pendence of the film on the CIE 1931 chromaticity diagram.
As the concentration of the YAG:Ce nanoparticle was in-
creased, both x and y values increased and the hue changed
from blue to yellow region. The point at 0.00 g/mL in the
lower left was the emission of the blue LED only. The point
at 0.05 g/mL had a low YAG:Ce emission intensity due to its
low concentration and was still in the blue region, although
it was slightly closer to the white region than the point at
0.00 g/mL. The point at 0.10 g/mL was the closest to white
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in this experimental condition. The 0.20 g/mL point was in
the yellow region because it contained more YAG:Ce nano-
particles than the 0.10 g/mL point. These were due to the
increased proportion of broad YAG:Ce-derived peaks from
500 nm to 650 nm relative to the blue LED-derived peak
near 460 nm.
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Fig. 8 x and y values of the chromaticity diagram at each
concentration of YAG:Ce nanoparticles. The concen-
tration: 0.00 g/mL, 0.05 g/mL, 0.10 g/mL, and 0.20
g/mL from bottom left to top right in the figure. Insets:
Color pictures of scattering from nanoparticle film
(0.10 g/m) and irradiated part of the white LED at
each point.
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Fig. 9 Emission spectra of white LED at each electric current.
The current value of the blue LED is increased from
0.01 Ato 0.80 A. Concentration of YAG:Ce: 0.10 g/ml.

Figure 9 shows the emission spectrum of a white LED
when the current value of the blue LED is increased from
0.01 A to 0.80 A. As the emission intensity of the blue LED
increased with increasing current, that of the white LED also
increased. The position of the peak wavelength did not
change significantly with the change in current.

Figure 10 shows the emission spectrum of white LEDs at
each laser fluence of laser ablation in liquid. Figure 11 shows
the fluence dependence of the peak intensity. The highest
peak intensity of blue light after passing though the yellow
phosphors was obtained at 1.0 J/cm? of laser fluence. Be-
tween laser fluences of 1.0 J/cm? and 2.0 J/cm?, the peak in-
tensity around 460 nm derived from blue LEDs was larger
compared to the raw material. The nanosizing of YAG:Ce

raw material powder by laser ablation in liquid would de-
crease the scattering optical loss due to Rayleigh scattering,
and then the transmitted light was increased. When the laser
fluence was increased to 5.0 J/cm?, the intensity of the blue
LED-derived peak decreased. Figure 3 indicates the primary
particle size, while the scattering intensity in Figure 10 is
related to the secondary particle size, which is the total size
of the aggregated particles. The peak intensity was observed
at 1.0 J/cm? in Figure 11 because nanosizing more than 2.0
J/em? would accelerate the aggregation, and then the second-
ary particle size would increase, which would increase the
scattering. Therefore, there would be an optimal laser flu-
ence in device fabrication.
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Fig. 10 Emission spectra of white LED with YAG:Ce nano-
particles at each laser fluence (Electric current: 0.40 A).
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Fig. 11 Peak intensity of emission spectra of white LED with
YAG:Ce nanoparticles as a function of each laser flu-
ence (Electric current: 0.40 A).

4. Conclusions

In this study, YAG:Ce nanoparticles were successfully
prepared by laser ablation in liquid and their optical proper-
ties were evaluated. The YAG:Ce nanoparticles were mixed
with silicone encapsulant to form a film, which was com-
bined with a blue LED to form a white LED, and the emis-
sion spectrum was evaluated by colorimetric calculations.

For preparation of YAG:Ce nanoparticles, no by-product
was produced. The nanoparticles were miniaturized by laser
irradiation. The primary particle size of the nanoparticles de-
creased with increasing laser fluence below 2.0 J/em? and
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remained constant at about 30 nm at fluences above 2.0
J/em?. The PL spectrum had peak wavelengths between 528
and 540 nm, and the PLE spectrum of the dispersion of the
generated nanoparticles had peak wavelengths around 339
and 457 nm. With increasing laser fluence, the peak wave-
length of the PL spectrum blueshifted and became constant
above 2.0 J/em?. The peak wavelength of the PLE spectrum
did not change with changing irradiation laser fluence.

For white LED, the transmitted light of the blue LED in-
creased at laser fluence of 1.0 J/cm? due to the reduction of
scattering optical loss by nanosizing compared to the raw
material. At higher laser fluences, the blue light intensity de-
creased due to the increase in scattering caused by the pro-
gress of miniaturization and then the aggregation of nano-
particles.
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