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1. Introduction

Recently, white-light-emitting diodes (W-LEDs) have attracted
considerable interest because of their outstanding advantages,
such as high brightness, low energy consumption, a long lifetime
span, and environmental friendliness!' !, Presently, commer-
cial W-LEDs are achieved by pumping Ce**:YAG (Y;Al;04,)
phosphor using GaN chips or three primary colors of emitting
phosphors using InGaN chips'”. However, there are certain
deficiencies of this type, for instance, poor heat resistance of
the epoxy resins, a light scattering of inhomogeneous phosphors,
and chromatic aberration after a long period of operation®],
Therefore, looking for a matrix material with good white-light
properties has become a research hotspot. In order to offset these
drawbacks, much attention has been applied to single-host emit-
ting glasses, glass ceramics, transparent ceramics, and single
crystals, based on borates containing light activators, such as
Dy*t, Tm3*, Eu’t, Ce*t, Tb3*+, and Mn2+ %) Compared with
glasses and ceramics, LED applications based on single crystals
tend to obtain high stability, a long lifetime, and high luminous
efficiency because of the crystals’ excellent physical and chemical
properties.

Dysprosium ion (Dy*") is one of the typical rare-earth ions.
Dy’" contains multiple energy level transitions at visible
emission bands, such as *Fg;, = °Hj;), (645-665 nm),
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Dysprosium-doped orthorhombic yttrium aluminate (Dy:YAIO; or Dy:YAP) single crystals were grown by the Czochralski
method with a size of ®43 mm x 150 mm. Based on the measurements of spectra and theoretical analysis, the white-light
emission was investigated with different doping concentrations. The optimal white emission was achieved at Dy*+ doping
concentration of 1.0% under 450 nm excitation. Combining with residual pumping light, the white-light output was success-
fully obtained with Commission Internationale de I'Eclairage (CIE) coordinates x = 0.3797, y = 0.3685, the color temperature
of 4000 K, and the largest fluorescence quantum yield of 46.9%. With the development of the GaN laser diode, the Dy:YAP
single crystal has proven applicable in white-light-emitting diodes.

Keywords: Dy:YAP crystal; white-light emitting; large crystal growth.

“Fy), — °Hys;, (570-600 nm), and “Fy), — “Hys) (470-
500 nm)!">'?], as shown in Fig. 1. The strongest fluorescence
emission is at the yellow band (573 nm), and the emission is
weak at the blue and red bands, which causes the emitted fluo-
rescence to tend to be yellow light. In addition to ultraviolet
absorption, it also has an absorption at the blue band (450 nm).
Using color compensation from the remaining pump blue, the
emission of Dy’>" ions can be achieved in the warm white
light. There have been many reports on the white-light lumines-
cence of rare-earth-doped crystals, such as Dy:LiLuF,"?),
Dy/Tb:LiLuF,"), Dy/Ew:NaYF,'"*, Ce/Tb:YPO,!"*), and
Dy/Sm:Na5Y9F32“6], which indicate that Dy** ions or co-
doped single crystals have the potential to emit white light when
excited by ultraviolet (UV) or blue light.

Compared with fluoride crystals and phosphate crystals, the
orthorhombic yttrium aluminate crystal (YAP) has a larger
emission cross section, better thermal properties, a higher dam-
age threshold, and better mechanical properties'’ %), which
leads rare ion-doped YAP crystals to have better luminescence
or laser performances. However, its anisotropy makes it difficult
to obtain high-quality and large-scale single crystals, which is the
main barrier to widespread applications. They are vulnerable to
cracking and disintegration during the cooling down stage of
crystal growth because the thermal expansion coefficients of
YAP crystals differ significantly in different crystallographic
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Fig. 1. Energy-level diagram of Dy** systems.

axes, and the lattice constants described by the Pnma space
group are very similar between a and ¢, while they differ signifi-
cantly for '/,

In this paper, an effective white-light-emitting option was
demonstrated with the Dy:YAP single crystal excited by UV
or blue light. Based on theoretical analysis and performance
characterization, the doping concentration of Dy:YAP crystals
was optimized to be 1% (atomic fraction) for better luminous
performance. With an excitation wavelength of 450 nm,
white-light experiments were performed. Due to the blending
of pumping blue light, the obtained white-light was calculated
with CIE coordinates x = 0.3797, y = 0.3685, and the color tem-
perature changed from 3700 to 4000 K. This indicates that the
Dy’*-doped YAP single crystal has a potential application in W-
LEDs excited by blue light.

2. Experiment

Crystal growth. YAP crystals were grown by the Czochralski
method, using high-purity Y,0; and Al,O;. An iridium crucible
with a diameter of 120 mm was used as the container and heat
generator. High-purity argon was adopted as the shielding gas
atmosphere. The b axis YAP crystals were used as seed crystals,
and the growth rate was 1-2 mm/h at 10-15 r/min. By altering
the upper insulation cavity’s structural dimensions in the tem-
perature field, such as by reducing the upper insulation cavity’s
inner diameter, the upper insulation cover’s opening diameter,
and the height of the upper insulation cavity, it is possible to pre-
vent the crystals from being exposed to the protective gas with a
significant temperature difference from the environment
because of the protective gas’s exit cavity. After the crystal
growth processes of seeding, shouldering, equilibration, and tail-
ing, the Dy:YAP crystals were grown by lowering the tempera-
ture to room temperature after 20-40 h at different cooling rates.

Structural characterization. X-ray diffraction (XRD) analysis
was implemented at room temperature on a Bruker D2 PHASER
diffractometer equipped with Cu Ka radiation. The 20 range is
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10°-80° with a step of 0.02° and a counting time of 1 s/step.
Single-crystal X-ray diffraction data were also collected on a
Bruker SMART APEX II 4 K CCD diffractometer equipped with
Mo Ko radiation. The structure was handled using the direct
technique of SHEIXS-201443. All the atoms in the structure
were then refined using the full-matrix least-squares method.
When the structure’s symmetry was checked using PLATON,
no greater symmetry was discovered.

Optical spectral property measurements. The absorption
spectra were recorded with a dimension of 6 mm X 6 mm X
2 mm crystal along the a, b, ¢ cut on a UV-VIS-NIR spectropho-
tometer (UH4150, Hitachi) wavelength range between 190 and
2000 nm. The excitation spectra, fluorescence lifetime, photolu-
minescence (PL) spectra, and fluorescence quantum yield were
measured by a fluorescence spectrum analyzer (Edinburgh
FLS-980).

White-light property measurements. The white light was
pumped by a 450 nm GaN laser diode (LD) with a spot diameter
of 200 pm. The dimensions of the Dy:YAP sample were
4mm X 4 mm X 27 mm. The whole system contains only a blue
LD pump, a laser alignment system, and a Dy:YAP crystal. In
addition, the spectrum of the white light generated by the
Dy:YAP was measured by an optical spectrum analyzer
(Advantest Q8381A).

3. Results and Discussion

The grown 1% Dy:YAP crystal and test samples are shown in
Fig. 2(a) with the crystal dimensions of ®43 mm X 150 mm
and processed sample sizes of 4mm X4 mm X 27 mm and
6mm X 6mm X 2mm for further measurements and white-
light emission experiments. From Fig. 2(a), the obtained crystal
has no cracks and exhibits good quality. XRD patterns and stan-
dard ICSD 4115 are shown in Fig. 2(b). As can be seen, the pat-
terns are nearly identical because the doping concentration of
Dy?* is relatively low, and the radii of Dy** and Y** are com-
parable. It is hard to observe the structure differences using
X-ray single-crystal diffraction or X-ray powder diffraction.
The structure of the Dy:YAP single-crystal sample was mea-
sured using an X-ray single-crystal diffractometer. The results
are shown in Fig. 3. Because the diameters of Dy’>* and Y** ions
are comparable, there is barely a difference. YAP crystals belong
to the orthorhombic crystal system with space group Pnma and
negative biaxial crystals with two optical axes at an angle of 70°
in the ac plane and the c axis as an acute isometry!*®’. The oxygen
coordination around the A>T ion is approximately cubic, but
there are distortions in the YO,_ and YAl;_ polyhedra, so the
YAP crystal structure is a distorted chalcogenide structure!®!).
There are four YAIO; molecules in the unit cell of the YAP crys-
tal, and the coordination number of AP** is 6, which is in the
center of the oxygen octahedron, while the coordination number
of Y% is 12, which is in the center of the oxygen coordination
polyhedron. The lattice constants are a = 5.329 A, b=7370A,
and ¢ = 5.179 A. The bonds length of Al-O, Y-Al, and Y-O are
1.84 A, 3.18 A, and 2.62 A, respectively. The Y-O bond is longer
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Fig. 2. (a) Photographs and test samples of Dy:YAP crystal with a doping con-
centration of 1%; (b) XRD patterns of 1% Dy:YAP crystal and standard ICSD 4115.

than the Y-O bond of the YAG crystal (2.45 A), which is more
favorable for the entry of rare-earth ions to replace Y>* ions'?),

The absorption spectra (absorbance or Abs) of Dy:YAP single
crystals were recorded with a spectrophotometer in the 300-
2000 nm wavelength range and are shown in Fig. 4(a). The
Dy:YAP crystal absorption peak is located at 350 nm along
the b-cut. In order to accurately determine the absorption band
from 300 to 500 nm, the excitation spectra were measured by a
fluorescence spectrum analyzer (Edinburgh FLS-980), as shown
in the inset of Fig. 4(b). From this, the Dy:YAP crystal’s maxi-
mum absorption peak is located at 350 nm. Absorption bands
center around 325, 350, 365, 388, 427, 450, and 475 nm, which
are relevant to Dy** transitions from the ground state °H; 5 /2 to
excited states *Go 2, °P; 2, °Ps 2, 1132, *Gi1 /2 *1152, and *Fy 5,
respectively. It also has an absorption peak at 450 nm, which
shows that commercial GaN LDs can effectively stimulate the

Fig. 3. Crystal structure of YAP crystal.
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crystal to generate red and yellow light!**!. Combined with input
blue light, the Dy:YAP crystal could be a candidate for white-
light application. For the purpose of optimizing the doping con-
centration, Figs. 4(c) and 4(d) display the measurements of the
Dy:YAP crystal’s PL spectra at excitation wavelengths of 350 and
450 nm, respectively. It is evident from Figs. 4(c) and 4(d) that
the emission spectra of the crystal exhibit a blue band at 483 nm
(*Fg/ = °Hjs),) and a yellow band at 573 nm (*Fy ), — ®H3)5),
when excited by pumping resources. It should be noted that
emission intensities at 483 and 573 nm under excitation at
450 nm are weaker than that at 350 nm. These findings demon-
strate that a Dy:YAP crystal may produce both blue and yellow
light when properly stimulated by UV light. With the develop-
ment of a blue LD, Dy:YAP crystals are also suitable for the
packaging of the application with 450 nm stimulation for eco-
nomic consideration because of their relatively moderate inten-
sity. From Fig. 4’s PL spectra of the Dy:YAP crystal, the emission
intensity will increase first and then decrease with the increasing
doping concentration. The critical doping concentration was
around 1%.

According to the above spectra, the CIE chromaticity coordi-
nates of the Dy:YAP crystal can be calculated with different
exciting wavelengths; the results are shown in Fig. 5. With the
exciting wavelength of 350 nm, the CIE chromaticity coordi-
nates are x = 0.4069-0.427, y = 0.4353-0.4561, and the color
temperature T, is 3700 K. The chromaticity coordinates will
move away from the white light with increasing doping concen-
trations. Figure 5(b) shows the CIE chromaticity coordinates
of Dy:YAP with the exciting wavelength of 450 nm, the coordi-
nates x = 0.4023-0.4166, y = 0.4335-0.4460, and the color tem-
perature T, = 3800 K. As demonstrated in Fig. 5, the calculated
coordinates lean toward the yellow zone, and the temperature
colors deviate from the standard white to warm white.
Considering that pump light can also be involved in
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(d) PL spectra of Dy:YAP crystals with different doping concentrations and
excited at 450 nm.

051602-3



@ o),

09
520 2=350 nm

Re=450 nm

0.5% | 04069 | 0.4353
0.8

540 1% |oaiss | odsss 340

3% |o04l46 04455

o7 % o2 | oasst o7
560 = =
7% |oars | oas
06 - 06
9% |oa7 | oasel
500 500
05 580 05
y TelK) 002 y
04 R 600 04
2000
i 620
03 03
f9 . 700
0 02
480
01 01

470
0. 460°7%% 0.
00 01 02 03 04,05 06 07 08

02 03 04 x 05 06 07 08

Fig. 5. CIE chromaticity coordinates of Dy:YAP crystals with different exciting
wavelengths and doping concentrations.

chromaticity compensation, GaN LD with 450 nm excitation is
both suitable for pumping Dy>* (°H;5/, — *I;5/,) and reconcil-
able for color temperature. After thorough consideration, 1%
doping concentration b-cut samples were selected for the
white-light experiment with GaN LD pumping.

The white-light experiment was set up following Fig. 6(a). Dy:
YAP was pumped using 450 nm generated by a GaN LD. The
optical power density of the adopted blue LD is 3.18 X
10* W/cm? with a spot diameter of 200 pm. The whole system
contains only a blue LD pump, a laser alignment system, and a
Dy:YAP crystal with dimensions of 4 mm X 4mm X 27 mm
[inset, Fig. 2(a)], which ensures that the pass length is long
enough to fully absorb the pump blue light. The white-light sys-
tem output from Dy:YAP could be extremely simplified, which,
on the other hand, indicates that the application of Dy:YAP for
industrial purposes can greatly reduce expenses. It can be
observed that the whole crystal sample is emitting bright shining
white radiation.

The white-light spectrum was collected by an optical spec-
trum analyzer (Advantest Q8381A) on the side of the crystal,
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Fig. 6. (a) Schematic of the Dy:YAP white light; (b) white-light spectrum; (c) CIE
chromaticity coordinates.
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as shown in Fig. 6(b). As can be seen, the emission spectrum
contains 573 nm (*Fy/, = °Hj3),), 483 nm (*Fy/, = °His)n)s
and a residual blue band. The CIE chromaticity coordinates of
the Dy:YAP crystal calculated based on the corresponding emis-
sion spectrum are summarized in Fig. 6(c). The color tempera-
ture T, is 4000 K for coordinates x=0.3797, y =0.3685.
Compared with theoretical calculations, the output white light
tends to be warm light with compensation for the blue light.
Since the compensation is only from the residual incident blue
light, the color temperature should rise as the length of the crys-
tal samples increases. Relative experiments will be carried out in
the future.

Fluorescence quantum yield (PLQY) of Dy:YAP crystals with
different doping concentrations are recorded in Fig. 7. The
maximum value is 46.9% and 26.7% when excited by 350 and
450 nm. The fitted curve of PLQY to the concentration of Dy**
is also simulated in Fig. 7(c). As can be seen, the PLQY reaches
its highest point at 1% and decreases rapidly as the concentra-
tion of Dy** increases. This phenomenon is due to cross-
relaxation mechanisms within the system of Dy>* ions during
concentration quenching. The long lifetime of the lower-energy
level °H,3/, of the Dy>* ion tends to lead to particle number
blockage, which in turn affects the laser effect. With the increase
in doping concentration, laser output would exhibit a dramatic
decrease.

Compared with other crystals doped with Dy*T, listed in
Table 1, Dy:YAP crystals show a higher quantum efficiency of
46.9%, slightly higher than the 39.2% of Dy:YAG".. Different
quantum efficiencies of Dy ions vary in different crystals,
which is determined by the host crystals’ structure. YAP crystals
have the structure of a distorted perovskite, and the disorder of
the crystal structure results in broad absorption and emission
spectra similar to glasses. At the same time, it still possesses
excellent thermal properties. Combining their outstanding
physical and chemical properties, Dy:YAP crystals have an

(@) (b)
1.01 Ae=350 nm 1.0 Ae=450 Nm
= 08 PLQY=46.9 % S 0.8 PLQY=26.7 %
< &
206 Z 06
o c
8 2
£ oy E 044
0.2 0.2
500 550 600 500 550 600
0.0 . x - 0.0 . -
400 500 600 450 500 550 600
Wavelength(nm) Wavelength(nm)
(O] @
504 -a-1,,=350 nm
204 —o-1,,=450 nm =
z s
< w04 >
<] ‘@
o 2
o 204 K
=

12 3 4 5 6 7 8 9
Concentration of Dy** ions (%)

Time (ms)

Fig. 7. (a) PLQY with the excited wavelength of 350 nm; (b) PLQY with the
excited wavelength of 450 nm; (c) PLQY with different doping concentrations;
(d) luminescent lifetime of 1% Dy:YAP crystal.
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