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ABSTRACT: This paper reports the combined optical effects
of a two-dimensional (2D) SiN,, photonic crystal layer (PCL)-
assisted Lu;Al;O,:Ce (LuAG:Ce) green ceramic-plate phos-
phor (CPP) and a free-standing (Sr,Ca)AlSiN;:Eu red film
phosphor to enhance luminous efficacy, color rendering index
(CRI), and special CRI (R,) of LuAG:Ce CPP-capped white
light-emitting diodes (LEDs) for high-power white LEDs at
350 mA. By introducing the 2D SiN, PCL, the luminous
efficacy was improved by a factor of 1.25 and 1.15 compared to
that of the conventional flat CPP-capped LED and the
thickness-increased CPP-capped LED (with a thickness of 0.15
mm), respectively, while maintaining low color-rendering
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properties. The combining of the free-standing red film phosphor in the flat CPP-capped, the 2D PCL-assisted CPP-capped,
and the thickness-increased CPP-capped LEDs led to enhancement of the CRI and the special CRI (Ry); it also led to a decrease
of the correlated color temperature (CCT) due to broad wavelength coverage via the addition of red emission. High CRI (94),
natural white CCT (4450 K), and acceptable luminous efficacy (71.1 Im/W) were attained from the 2D PCL-assisted LuAG:Ce
CPP/free-standing red film phosphor-based LED using a red phosphor concentration of 7.5 wt %. It is expected that the
combination of the 2D PCL and the free-standing red film phosphor will be a good candidate for achieving a high-power white

CPP-capped LED with excellent CRIL.
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1. INTRODUCTION

Transparent ceramics have been studied and developed in the
field of inorganic optical materials for application in new lasers,
scintillators, and phosphors. More recently, transparent
polycrystalline ceramics (TPCs), such as Y;Al04,:Ce
(YAG:Ce),"* (Gd,Y);AlO,,:Ce (GYAG:Ce),®> Lu,O5:Eu,**
and Gd,0,8:Pr,Ce,%” have received considerable attention
because their optical properties and efficiencies are comparable
to or better than those of single crystals grown from the melt
obtained using the Czochralski method.®~*° In addition, these
transparent polycrystalline ceramics exhibit many advantages
such as high chemical homogeneity, optical transparency,
doping concentration, and thermal conductivity. Because of
their excellent optical and thermal properties, these TPCs are
expected to be used especially for high-power solid-state
lighting applications.

With the development of high-power and high-brightness
solid-state lighting, interest in the use of TPCs in the field of
white light-emitting diodes (LEDs) for general illumination has
grown rapidly."' ™" This is because the current leading
commercial white LED (known as phosphor-converted LED,
pc-LED), which consists of a combination of a blue LED chip
and yellow phosphors (or green and red phosphors) packed
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with organic resin or silicone resin, undergoes degradation of
luminous intensity, change of emission color, and deterioration
of phosphor thermal quenching due to the poor thermal
conductivity of the organic resin or the silicone resin. This
problem becomes more and more serious with the increase of
the LED chip temperature due to the increase of the output
power necessary to realize high-power LEDs.">™'* In addition,
the conventional microsize powder phosphor in phosphor-in-
cup typed LEDs attenuates the conversion efficiency and
luminous efficacy from that of white pc-LED due to high
scattering and reflecting loss of the emission from powder
phosphors.'®™*® To find solutions to these issues, white LEDs
incorporating a transparent polycrystalline YAG:Ce (YAG =
yttrium aluminium garnet) ceramic-plate phosphor (CPP) have
recently been suggested by many research groups because
CPPs, compared with conventional powder phosphors in
applications for white pc-LED lighting, show certain advantages
such as controlled light scattering, increased longevity, and
improved heat dissipation.'”>'*™*! Quite recently, with the
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aim of replacing powder phosphors with CPPs in high-power
white LEDs, we reported various two-dimensional (2D)
photonic crystal layer (PCL)-assisted, Y;Al;O;,:Ce®*
(YAG:Ce) CPP-capped white LEDs exhibiting enhanced
extraction efficiency and improved luminous efficacy.”*>°

In this study, we introduce and compare the optical
properties of a flat Lu;AliO;,:Ce (LuAG:Ce) CPP and a 2D
SiN, PCL-assisted LuAG:Ce CPP when those materials are
incorporated into white pc-LEDs. Lutetium aluminum garnet
(LuAG), which is isostructural to YAG, is known to be a
promising host structure.”” LuAG doped with cerium ions
(LuAG:Ce) also has been recognized as an optical material (or
phosphor) and scintillator because LuAG:Ce shows larger
absorption coefficient of ionizing radiation and higher quantum
yield than those values of YAG:Ce.”*™>" However, the light
from a LuAG:Ce phosphor-based white LED combined with a
blue LED chip is colder and bluer than that from conventional
incandescent and fluorescent devices, as well as even that from
YAG:Ce-based white LEDs because the emission color of
LuAG:Ce is green. This red deficiency of LuAG:Ce leads to a
poor color rendering index (CRI) for LuAG:Ce phosphor-
based white LEDs, which interrupts the realization of white
LEDs with high CRI (>90) and low correlated color
temperature (CCT). To solve these problems and achieve a
white LED with high color rendering properties, color
conversion layers with red emission in addition to green
emission are essential for broad wavelength coverage.*” For this
study, to enhance the CRI and realize the white LED, we select
a free-standing (Sr,Ca)AISiN;:Eu red film phosphor as a red
color conversion layer and compare the effect of red phosphor,
as a function of the phosphor concentration, on flat LuAG:Ce
CPP-capped and 2D PCL-assisted CPP-capped white LEDs. A
free-standing film type such as the CP type allows the phosphor
to be less affected by the temperature of the LED chip and to
be used as a pc-LED with a low binning property. Moreover, we
investigate changes of the optical properties in the current/
temperature dependence of 2D PCL-assisted green LuAG:Ce
CPP/free-standing red bilayered type films on a blue LED cup
for high-power white pc-LED applications.

2. EXPERIMENTAL METHODS

2.1. Materials. High-purity (>99.99%) Al,O;, Lu,0;, and CeO,
powders were obtained from Shanghai Wusong Chemical Co. Ltd. as
raw materials to fabricate LuAG:Ce CPP. The primary particle size of
the AL, O; powder was ~250 nm, and the specific surface area of the
powder was ~11.0 g/m?* The primary particle size of the Lu,O; and
CeO, powders was ~60 nm, and the specific surface areas of the
powders were 102 g/m’ for Lu,O; and ~6.6 g/m* for CeO,.
Polystyrene (PS) nanospheres (with diameters of S80 nm) were
purchased from Interfacial Dynamics Co. and used as a mask layer for
fabricating 2D nanohole photonic crystal (PC) structures. Sodium
dodecyl sulfate (SDS, NaC,H,;SO,) was obtained from Sigma-
Aldrich for use in the forming of a rigid PS nanosphere monolayer.
CR-7, obtained from Cyantek Co., Ltd., was used as the Cr etchant.
(Sr,Ca)AISiN;:Eu red powder phosphor (R6535) was purchased from
Intematix Corporation and was used to fabricate free-standing red film
phosphor as a function of the phosphor concentration. OE-6636 A and
B were obtained from Dow Corning Co., Ltd., and were used to create
the silicone resin for encapsulation of the blue LED chips and as
matrix for the fabrication of the free-standing red film phosphor.
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) was obtained from Sigma-Aldrich as sacrificial material
for the fabrication of the free-standing red film phosphor.

2.2. Fabrication of Green LuAG:Ce CPP and CPP-Capped
LEDs. The detailed fabrication process of the green LuAG:Ce CPP is
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similar to that used for fabricating the Yb:LuAG ceramics.**** Briefly,
the raw powders (AL, O;, Lu,0;, and CeO,) were carefully weighed
according to the LuAG:Ce chemical stoichiometric composition. The
Ce doping concentration was set at 0.3 atom %. The powders were
mixed with 99.99% analytical pure ethanol for ball milling. The mixed
slurry was then ball milled for ~15 h using a planetary milling
machine. The milled mixtures were then dried in an oven and sieved
through a 100 mesh screen. After calcining at 800 °C for 3 h to remove
the organic component, the powders were dry pressed in a stainless
steel die at 15 MPa to form pellets. The green body pellet was further
cold isostatically pressed (CIPed) at 200 MPa. The relative green body
density reached ~53% after CIP. To achieve the theoretical density,
the green body was finally sintered at 1790 °C for 12 h in a high-
temperature vacuum sintering furnace under a vacuum level better
than 1 X 107* Pa. The sample was surface polished and thermally
etched at 1500 °C for 3 h to reveal the grain boundary.

To apply it to a white pc-LED as a phosphor-on-cup-type LED, the
prepared thick LuAG:Ce CPP was diced using a diamond wheel,
which resulted in a CPP size of 0.5 cm X 0.5 cm X thickness of 0.1,
0.15, and 0.2 mm. The diced CPP was attached to the top of a blue
LED cup with silicone resin, which consists of a mixture of OE-6636 A
and B at a weight ratio of 1:1.°

2.3. Fabrication of Triangularly Patterned 2D SiN, Nanohole
PCL on LUAG:Ce CPP-Capped LED. Triangularly patterned 2D SiN,
nanohole PC arrays were fabricated on the top surface of the prepared
LuAG:Ce CPP (0.5 cm X 0.5 cm, thickness of 0.1 mm) by nanosphere
lithography (NSL) and reactive ion etching (RIE) process, as
described in detail elsewhere.”>>>*%* Briefly, SiN, film was deposited
on the LuAG:Ce CPP by plasma enhanced chemical vapor deposition
(PECVD). Subsequently, a PS monolayer with a diameter of 580 nm
was transferred to the SiN,/LuAG:Ce CPP by the scooping transfer
method, which led to the formation of a PS/SiN,/CPP structure. The
PS monolayer, as a deposition mask, was thinned using the O,-based
RIE process. A Cr mask layer was coated on the thinned PS/SiN,/
CPP using a thermal evaporator for selective SiN, etching. After
removing the PS nanospheres by sonication in chloroform, the Cr
mask layer with nanohole arrays was clearly defined on the SiN,/CPP
structure. The Cr nanohole/SiN,/CPP was etched using a CF,-based
RIE process to transfer the nanohole pattern to the underlying SiN,
layer. The Cr nanohole mask layer was removed using a Cr etchant
(CR-7). Finally, LuAG:Ce CPP with 2D SiN, nanohole PCL was
formed.

To fabricate a white pc-LED as a phosphor-on-cup-type device, the
fabricated 2D SiN,, nanohole PCL-assisted CPP was attached on top of
a blue LED cup with silicone resin.

2.4. Fabrication of Free-Standing Red (Sr,Ca)AISiN;:Eu Film
Phosphor and Red Phosphor-Based LED. To fabricate free-
standing red film phosphor, (Sr,Ca)AlSiN;:Eu red powder phosphor
was mixed with silicone resin (OE-6630A, B) and then printed onto
water-soluble PEDOT:PSS, which is used as a sacrificial layer, and
coated on glass substrate with a 50 ym spacer. The red phosphor-
printed substrate was hardened in an oven at 150 °C for 1 h. Then, the
red phosphor-printed substrate was put into a water bath to
delaminate the red phosphor film from the glass substrate by
dissolving the PEDOT:PSS interlayer. After the PEDOT:PSS
interlayer was completely removed, free-standing red film phosphor
floating on the water was fabricated. Finally, the free-standing red film
phosphor was picked up with tweezers and dried. To evaluate the free-
standing red film phosphor according to the variation of the phosphor
concentration, red powder phosphors (2.5, 5.0, 7.5, 10.0, and12.5 wt
%) were mixed with silicone resin in direct proportion to the phosphor
concentration. The free-standing red film phosphors fabricated with
phosphor concentrations of 2.5, 5.0, 7.5, 10.0, and 12.5 wt % were
attached on top of blue LED cups with silicone resin.

2.5. Fabrication of Green LuAG:Ce CPP/Free-Standing Red
Film Phosphor-Based LED. To fabricate the green LuAG:Ce CPP/
free-standing red film phosphor-based LED as a tricolor (RGB) pc-
white LED, the free-standing red film phosphor was first attached on
top of the blue LED cup. Then, the LuAG:Ce CPP and/or the 2D
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PCL-assisted CPP were attached on the red film phosphor-based
LEDs.

2.6. Characterization. The optical transmittance of the fabricated
LuAG:Ce CPP (thickness of 0.1 mm) was measured over the
wavelength region from 300 to 800 nm using a UV—vis
spectrophotometer (OPTIZEN 2120UV, MECASYS). The LuAG:Ce
CPP and free-standing (Sr,Ca)AlSiN;:Eu red film phosphor was
photographed using an NEX-S (SONY) camera. The crystal structure
of the LuAG:Ce CPP was measured by X-ray diffraction (XRD, X'pert
system, Philips) with Cu Ka, radiation. The diffraction patterns were
obtained over a range of 10—80° 26 at a scan rate of 1° 26/min. Cross-
sectional and surface images of the LuAG:Ce CPP and 2D SiN,
nanohole-assisted LuAG:Ce CPP were obtained by field-emission
scanning electron microscopy (FESEM) (JSM 7401F, JEOL) operated
at 10 kV. Using a spectrophotometer (PSI Co. Ltd. model Darsapro-
5000), the photoluminescence (PL) and excitation (PLE) spectra from
the LuAG:Ce CPP and from the (Sr,Ca)AlSiNy:Eu red powder
phosphor were measured under the excitation wavelength at 450 nm
and the emission wavelength at 515 nm (450 and 640 nm in the case
of red phosphor) by Xe-lamp, respectively. The electroluminescent
(EL) properties (such as electroluminescence spectra, luminous
efficacy, CIE color coordinates, correlated color temperature, color
rendering index, and special color rendering index) of the LuAG:Ce
CPP, 2D PCL-assisted LuAG:Ce CPP, free-standing red film
phosphor, and 2D PCL-assisted CPP/free-standing red film phosphor
capped on top of blue InGaN LED cup were measured using a
spectrophotometer (PSI Co. Ltd. Model Darsa II) with integrating
spheres under equal current. These properties were also measured for
the 2D PCL-assisted CPP/free-standing red film phosphor as
functions of the applied current and the ambient temperature.

3. RESULTS AND DISCUSSION

Figure 1 provides schematic diagrams of four different white
LED structures: the conventional flat LuAG:Ce CPP-capped
white LED [c-flat CPP](Figure 1a); the 2D SiN, PCL-assisted
CPP-capped LED [SiN,-PCL CPP] (Figure 1b); the flat
LuAG:Ce CPP/free-standing red film phosphor-based LED [c-
flat CPP/ffilm] (Figure 1c); and the 2D PCL-assisted CPP/

Figure 1. Schematic diagrams of four different white LED structures:
(a) conventional flat LuAG:Ce CPP-capped white LED [c-flat CPP],
(b) 2D SiN, PCL-assisted CPP-capped LED [SiN,-PCL CPP], (c) flat
LuAG:Ce CPP/free-standing red film phosphor-based LED [c-flat
CPP/ffilm], and (d) 2D PCL-assisted CPP/free-standing red film
phosphor-based LED [SiN,-PCL CPP/f-film].

free-standing red film phosphor-based LED [SiN,-PCL CPP/f-
film] (Figure 1d). All white LEDs are phosphor-on-cup type
LEDs, and yet are different from the phosphor-in-cup type of
the conventional powder-based white LED. The fabrication
procedures for all white LEDs are described in detail in the
Experimental Section.

Figure 2 shows the optical, structural, and morphological
properties of the LuAG:Ce CPP (0.1 mm thickness). The
optical transmittance of LuAG:Ce CPP is ~80% above 500 nm,
as shown in Figure 2a, indicating that the CPP is optically
transparent in the range of visible light. The absorption bands
at ~345 and 450 nm are related to 5d and 4f transitions of Ce®*
ions, 1respectively.30’36 The inset of Figure 2a shows a
photograph of LuAG:Ce CPP (0.5 cm X 0.5 cm X thickness
of 0.1 mm) exhibiting high transparency. The letters can be
read clearly through the CPP. The XRD patterns shown in
Figure 2b indicate that the phase of the LuAG:Ce CPP
corresponds to that of previously reported LuAG:Ce
ceramics;>”*! no other phases were detected, demonstrating
the good solubility of Ce® in the LuAG host lattice. The
observed patterns are found to match well with the standard
card of JCPDS 73—1368. Top and side view SEM images of the
LuAG:Ce CPP shown in Figure 2c indicate that the CPP has a
smooth and planar surface of thick film-type phosphor form. In
addition, Figure 2d displays the excitation (4, = S15 nm) and
emission (4, = 450 nm) spectra of the LuAG:Ce CPP. These
spectra confirm that the LuAG:Ce CPP exhibits a broadband
emission covering a range from 470 to 650 nm under 450 nm
excitation, and it indicates that the CPP can be used as a film-
type phosphor for application in white pc-LEDs using blue
LED:s.

Because the film-type LuAG:Ce CPP has a low extraction
efficiency as a result of its total internal reflection (TIR) and
waveguide effect, a 2D PCL that produces leaky and/or Bragg
scattering is necessary to improve the extraction efficiency of
CPP with high brightness. Figure 3a provides schematic
diagrams of the fabrication process of the triangularly patterned
2D SiN, nanohole PC structure on the LuAG:Ce CPP. The top
and side view SEM images of the 2D SiN, PCL-assisted
LuAG:Ce CPP shown in Figure 3b indicate that the 2D SiN,
nanohole array was successfully fabricated on the LuAG:Ce
CPP by the NSL and RIE processes. The fabricated 2D SiN,
PCL-assisted LuAG:Ce CPP was attached on top of a blue LED
cup for implementation of the white pc-LED. Figure 3¢ shows
the EL emission spectra of the conventional flat LuAG:Ce
CPP-capped LED (called a c-flat CPP), the 2D SiN, PCL-
assisted CPP-capped LED (called a SiN,-PCL CPP), and the
thickness-increased flat CPP-capped LED (with thickness of
0.15 and 0.2 mm, correspondingly referred to as the thick-flat
CPP-0.15 and the thick-flat CPP-0.2) at equal current (350
mA). The intensity of the green emission and the luminance of
the SiN,-PCL CPP were higher than those of the c-flat CPP
due to the introduction of a 2D SiN, nanohole PCL on top of
the CPP. The 2D PCL can lead to a reduction of the blue LED
light transmitted through the 2D PCL-coated CPP by
backscattering of the excitation and enhancement of the
green emission via reabsorzption through backscattering and a
leaky mode of emission.”” > The intensity of the green
emission and the luminance of the thick-flat CPP-0.15 and the
thick-flat CPP-0.2 were also higher than those of the c-flat CPP
due to the increase in the thickness of the CPP. However,
increasing the thickness of the CPP to improve the intensity of
the green emission led to a similar external quantum yield of
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Figure 2. (a) Optical transmittance, (b) XRD patterns, (c) top and side view SEM images, and (d) excitation (4, = 515 nm) and emission (4, =
450 nm) spectra of a conventional flat LuAG:Ce CPP (0.1 mm thickness). The inset in (a) provides a photograph of the LuAG:Ce CPP (0.5 cm X
0.5 cm X thickness of 0.1 mm), showing that it is highly transparent.
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Figure 3. (a) Schematic diagrams of the fabrication process and (b) top and side view SEM images of the triangularly patterned 2D SiN,, nanohole
PC structure on the flat LuAG:Ce CPP. (c) Electroluminescent (EL) emission spectra of the conventional flat LuAG:Ce CPP-capped LED, the 2D
SiN, PCL-assisted CPP-capped LED, and the thickness-increased flat CPP-capped LED (with thicknesses of 0.15 and 0.2 mm) at equal-current (350
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the emitted photons of a blue LED.

the CPP on the basis of the conversion efficiency (CE) as
calculated from the measured EL emission spectra. The CE is
the ratio of the extracted light of the phosphor layer from the
pc-LED packaging to the blue light spent in the pc-LED
package to be converted to phosphor light, or, in other words,
the ratio between the number of emitted photons and number
of incident photons.”> The CEs of the c-flat CPP, SiN,-PCL
CPP, thick-flat CPP-0.15, and thick-flat CPP-0.2 were ~0.64,
0.70, 0.62, and 0.63, respectively. This indicates that the
fabrication of the SiN,-PCL CPP leads to an improvement of
the external quantum yield of the LuAG:Ce CPP owing to the
enhanced extraction efficiency, while the thick-flat CPPs (0.15
and 0.2 mm) show similar external quantum yields of the CPP.
This also indicates that, by increasing the thickness of the CPP,
the intensity of the green emission of the CPP can be increased,
whereas the blue emission is significantly decreased compared
to the decrease of the blue emission from the introduction of
the 2D PCL. These results also confirm that the fabrication of
the SiN,-PCL CPP is much more suitable for improving the
intensity of the green emission and the external quantum yield
of the CPP compared to the thickness-increased CPP with a
similar spectral power distribution (SPD). The luminous
efficacy of the SiN,-PCL CPP was 94.3 Im/W, which is
~1.25, 1.15, and 1.01 times higher than those of the c-flat CPP
(75.7 Im/W), the thick-flat CPP-0.15 (81.8 Im/W), and the
thick-flat CPP-0.2 (93.4 Im/W), respectively, at the same
applied current. The CCT (~8140 K) of the SiN,-PCL CPP
changed to a low value compared with that (~16670 K) of the
cflat CPP after the introduction of the 2D PCL on the CPP,
which indicates that the CPP-based LED changes to desirable
white colors with the assistance of the 2D PCL. The CCTs
(7770 and 6450 K) of the thick-flat CCP-0.15 and thick-flat
CPP-0.2 also changed to a low value compared to that of the c-
flat CPP after increasing the thickness of the CPP. However,
the green emission color from LuAG:Ce CPP not only makes
the fabrication of white LED with low CCT (~4500 K) difficult
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but also inhibits the realization of white LED with high CRI
(>90) when the CPP is implemented in a white pc-LED
package. For these reasons, although the 2D PCL was
fabricated on the CPP, the variation of the CCT was very
limited. Moreover, the CRIs and the Ry values of the c-flat CPP,
the SiN,-PCL CPP, the thick-flat CPP-0.15, and the thick-flat
CPP-0.2 were low regardless of the introduction of the 2D PCL
and the increase in the thickness of the CPP. The Ry is a special
CRI that imparts a strong red value with the aim of achieving a
high-quality color rendition of the light source.”” A high CRI
cannot guarantee good saturated colors of illuminated objects
because CRI is calculated with only the first eight values (R;—
R;) of CIE from the recommended 14 test color samples that
are normally used for the calculation of the CRL>** Therefore,
to address this problem, an evaluation standard using a strong
red value (special CRI, Ry) is needed.

To recover the red deficiency of the LuAG:Ce CCP and
achieve a white pc-LED that is implemented with a CPP
exhibiting low CCT, high CRI, and high Ry, the free-standing
(Sr,Ca)AlSiN;:Eu red film phosphor was introduced in the
LuAG:Ce CPP-based white LED package. Figure 4 provides
schematic diagrams of the fabrication process of the free-
standing (Sr,Ca)AISiN;:Eu red film phosphor. To evaluate the
optical properties of the (Sr,Ca)AlSiN;:Eu red powder
phosphor, its excitation (4., = 640 nm) and emission (4,
450 nm) spectra were measured, with results shown in Figure
4b. The excitation spectrum exhibited a broad absorption band
from the near-UV to the yellow region (300—550 nm). The
emission spectrum displayed a single broad band centered at
640 nm; this band was attributed to the 4f°5d'—4f’ transition of
Eu**.** Figure 4¢,d shows the EL emission spectra, CIE color
coordinates, the relative sum of the absorbed photons of the
blue light, the relative sum of emitted photons of the red light,
and the conversion efficiency (i.e., the ratio of emitted photons
to absorbed photons) of the free-standing red film phosphors as
a function of the phosphor concentration (2.5, 5.0, 7.5, 10.0,

DOI: 10.1021/am507237n
ACS Appl. Mater. Interfaces 2015, 7, 4549—4559


http://dx.doi.org/10.1021/am507237n

ACS Applied Materials & Interfaces

Research Article

08 F

— 50004 (@) __CPP )
< \ — with Red 2.5wt%
~ 4000 — R 5.0Wt% 06
= —R7.5W%
Y 1A, P At 0/,
2 3000 4 R 10'0Wt‘/0 . Black body locus
[0) — R 12.5wWt% 04
< w -
v 2000 (@)
®@ 1000 02
2
05 T T : 0.0 " . .
400 500 600 700 0.0 0.2 0.4 06
Wavelength (nm)
~— 5000 — 2D PCL-CPP
g — with Red 2.5wt%
~ 40004 —R 5.0wt%
= —R 7.5wt%
P N 1%
2 20004 R 10.0wt%
[}
2
£ 2000
[0)
=
T 10001
iz
0- T T T T | L L "
400 500 600 700 0.0 0.2 0.4 06
Wavelength (nm) CIE x
. 08F
— 5000 (€) ——CPP(T: 0.15 mm)
= | —— with Red 2.5wt%
© -
~ 40004 —R 5.0wt% 06
2 —R 7.5wt%
[ ——R 10.0wt%
2 3000- A e -
[0} — R 12.5Wt% 04
< w 0.
"o 20004 O
v 2000
T 1000+ 0.2
i
0= ; . ; 0.0 - - :
400 500 600 700 0.0 0.2 0.4 0.6
Wavelength (nm) CIE x

Figure S. (3, ¢, and e) Electroluminescent (EL) emission spectra, and (b, d, and f) CIE color coordinates of the LuAG:Ce CPP/free-standing red
film phosphor-based LED, the 2D PCL-assisted CPP/free-standing red film phosphor-based LED, and the thickness-increased CPP (0.15 mm)/free-
standing red film phosphor-based LED as functions of the red phosphor concentration at equal current (350 mA).

and 12.5 wt %) in silicone resin when the phosphors are
incorporated into pc-LEDs. The relative sum was compared
with the sum of the emitted photons of a blue LED. As the
phosphor concentration increased, the intensity of the red
emission and the luminance of the free-standing red phosphor-
capped LEDs increased due to the enhanced absorption of red
phosphor from the blue LED light, as shown in Figure 4c. The
CIE color coordinates of the free-standing film phosphors
shifted from blue to reddish due to the increased ratio of red to
blue in the emission spectrum with the increase of the
phosphor concentration, as shown in the inset of Figure 4c.
Likewise, Figure 4d shows that the absorbed photons of the
blue light and the emitted photons of the red light of the free-
standing film phosphors increased as the phosphor concen-
tration increased. The CEs of the free-standing film phosphors
reached ~0.63—0.77. These results indicate that the free-
standing film phosphors can be used as red phosphors in
green/red-based pc-LEDs to realize low CCT, high CRI, and
high Ry; these film phosphors can also be applied to various pc-
LED packages.

Figure Sa—f compares the EL emission spectra and CIE color
coordinates of the flat LuAG:Ce CPP/free-standing red film
phosphor-based LED (called a c-flat CPP/f-film), the 2D PCL-
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assisted CPP/free-standing red film phosphor-based LED
(called an SiN,-PCL CPP/f-film), and the thickness-increased
CPP (with a thickness of 0.15 mm)/free-standing red film
phosphor-based LEDs (called the thick-flat CPP-0.15/f-film) as
functions of the red phosphor concentration at equal current
(350 mA). The thick-flat CPP-0.15/f-film was selected because
the SPD of the thick-flat CPP-0.1S is similar to that of the SiN,-
PCL CPP/f-film. To fabricate a tricolor (RGB) white LED, a
free-standing red film phosphor was first attached on top of a
blue LED cup, and then a flat LuAG:Ce CPP, the 2D PCL-
assisted CPP, and thickness-increased CPPs (0.15 mm) were
attached on the red film phosphor-based LED. The green
emission portion of the white color decreased, but the red
portion of the white color increased with the increase of red
phosphor concentration regardless of the introduction of the
2D PCL on the LuAG:Ce CPP and the increase in thickness of
the CPP, as shown in Figure Sa,ce. As the red phosphor
concentration increased, the CIE color coordinates of the c-flat
CPP/f-film, the SiN,-PCL CPP/f-film, and the thick-flat CPP-
0.15/f-film shifted from bluish or greenish-white to reddish-
white due to the increased ratio of red to blue/green in the
emission spectrum, as shown in Figure Sb,df. The thick-flat
CPP-0.15/f-film exhibited similar EL emission spectra and CIE
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Figure 6. (a) Luminous efficacy (Im/W), (b) CCTs, (c) CRIs, and (d) special CRIs of the LuAG:Ce CPP/free-standing red film phosphor-based
LED, the 2D PCL-assisted CPP/free-standing red film phosphor-based LED, and the thickness-increased CPP (0.15 mm)/ free-standing red film
phosphor-based LED as functions of the red phosphor concentration at equal current (350 mA).

color coordinates compared with the SiN,-PCL CPP/f-film
because they have similar SPDs. In addition, the color
coordinates of the SiN,-PCL CPP/f-film and thick-flat CPP-
0.15 were significantly closer to the blackbody locus than those
of the cflat CPP/f-film as a function of the red phosphor
concentration. This indicates that the SiN,-PCL CPP/f-film
with a small D, (D,, indicates the distance from the blackbody
locus on the CIE 1960 chromaticity diagram) as a result of the
2D PCL and the thick-flat CPP-0.15 with a small D, as a result
of the increase of the thickness were more suitable candidates
for application in high-power white LEDs than the c-flat CPP/f-
film with a large D,,. These results also indicate that, through
varying the red phosphor concentration, an optimized white pc-
LED with low CCT, high CRI, and high Ry can be fabricated
because the white color is made with a balance of blue, green,
and red light. Figure 6 shows the luminous efficacy (Im/W),
CCTs, CRIs, and Ry of the c-flat CPP/f-film, SiN,-PCL CPP/f-
film, and thick-flat CPP-0.15/f-film as functions of the red
phosphor concentration at equal current (350 mA). The
luminous efficacies of the c-flat CPP/f-films, SiN,-PCL CPP/f-
films, and thick-flat CPP-0.15/f-films decreased as the red
phosphor concentration increased, while the luminous efficacies
of the SiN,-PCL CPP/f-films were greater than those of the c-
flat CPP/f-films and thick-flat CPP-0.15/f-films under all red
phosphor concentrations due to the effect of the 2D PCL, as
shown in Figure 6a. This is because the green emission portion
of the white color decreased, but the red portion of the white
color increased with the increase of the red phosphor
concentration. The luminous efficacy of radiation (or LER),
in lumens per watt (Im/W), is a parameter describing how
bright the radiation is perceived to be by the average human
eye.””* As the eye sensitivity peaks at 555 nm, the highest
possible LER (683 Im/W) is obtained from monochromatic
green radiation at 555 nm. Therefore, any other spectrum will
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yield a lower LER because the human eye is less sensitive to
other wavelengths. For this reason, to realize white light, there
is no choice but to set the LER of white light significantly lower
than 683 Im/W because red and blue emission should be used.
The SiN,-PCL CPP/f-films have higher luminous efficacies
compared to the thick-flat CPP-0.15/f-films because the EL
intensity of the SiN,-PCL CPP is higher than that of the thick-
flat CPP-0.15, although the SPD of the SiN,-PCL CPP is
similar to that of the thick-flat CPP-0.15. The CCTs of the c-
flat CPP/f-films, the SiN,-PCL CPP/f-films, and the thick-flat
CPP-0.15/f-films decreased from 16 670 to 2600 K, from 8140
to 2680 K, and from 7770 to 2400 K with the increase of the
red phosphor concentration from 0.0 to 12.5 wt % (Figure 6b).
Under all red phosphor concentrations, the CCTs of the SiN,-
PCL CPP/f-films and the thick-flat CPP-0.15/f-films were
lower than those of the c-flat CPP/f-films. This difference is
attributed to the increase in green emission from the CPP and
the decrease of transmitted blue light from the blue LED chip,
due to leaky and/or Bragg scattering by the 2D PCL and to the
increase in the thickness of the CPP. The CRIs of the c-flat
CPP/f-films and the CRIs of the SiN,-PCL CPP/f-films and
thick-flat CPP-0.15/f-films, shown in Figure 6c, crossed over at
a red phosphor concentration of 7.5 wt %. At a concentration
more than 7.5 wt %, the SiN,-PCL CPP/f-films and thick-flat
CPP-0.15/f-films exhibited CRIs of more than 90, while the c-
flat CPP/f-films showed CRIs below 90. In addition, the R,
values of the c-flat CPP/f-films, the SiN,-PCL CPP/f-films, and
the thick-flat CPP-0.15/f-films increased significantly due to the
addition of free-standing red phosphor films. As the SPD of the
SiN,-PCL CPP is similar to that of the thick-flat CPP-0.15, the
CRIs and R, values of the SiN,-PCL CPP/f-films and thick-flat
CPP-0.15/ffilms were similar. These results clearly confirm
that white LED with high CRI and Ry, was fabricated
successfully using the 2D PCL-assisted LuAG:Ce CPP and
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free-standing red film phosphor on top of blue LED of
phosphor-on-cup-type. It is also possible to fabricate a white
LED with high CRI and Ry values with the thickness-increased
CPP and free-standing red film phosphor. However, the SiN,-
PCL CPP is more suitable for improving the intensity of the
green emission and the external quantum yield of the CPP
compared to the thick-flat CPP-0.15 on the basis of the CEs
calculated from the measured EL emission and the luminous
efficacy. Therefore, these results demonstrate that, instead of
using only conventional CPPs, a combination of 2D PCL-
assisted LuAG:Ce CPP and free-standing red film phosphor can
be applied to achieve a more efficient white pc-LED package
exhibiting low CCT, high CRI (>90), and high R,.

To further evaluate the suitability of the SiN,-PCL CPP/f-
film for use in high-power white LEDs, the detailed EL
properties were measured as functions of the applied current
and the environmental temperature. As the best optimized
sample among the various SiN,-PCL CPP/f-films with six
different red phosphor concentrations, we selected the SiN,-
PCL CPP/f-film with the red phosphor concentration of 7.5 wt
% because it not only realized a natural white CCT (4450 K),
as specified by the American National Standards Institute
(ANSI) standard (C78.377—2008), but also exhibited an
excellent CRI (94) and acceptable luminous efficacy (71.1
Im/W). We compared the c-flat CPP/f-film with a red
phosphor concentration of 10.0 wt % (4410 K), which has a
similar CCT, with the SiN,-PCL CPP/f-ilm with a red
phosphor concentration of 7.5 wt % (4450 K). We also
compared the thick-flat CPP-0.15/f-film with a red phosphor
concentration of 7.5 wt %, which has a similar SPD, with the
SiN,-PCL CPP/f-film with a red phosphor concentration of 7.5
wt %. Figure 7 shows the EL emission spectra of the c-flat
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Figure 7. EL emission spectra of the flat LuAG:Ce CPP/free-standing
red film phosphor-based LED, the 2D PCL-assisted CPP/free-
standing red film phosphor-based LED, and the thickness-increased
CPP/free-standing red film phosphor-based LED with red phosphor
concentrations of 10.0, 7.5, and 7.5 wt %, respectively.

CPP/f-film with a red phosphor concentration of 10.0 wt %,
the SiN,-PCL CPP/f-film with a red phosphor concentration of
7.5 wt %, and the thick-flat CPP-0.15/f-film with a red
phosphor concentration of 7.5 wt %. The EL emission
spectrum of the SiN,-PCL CPP/f-film with a red phosphor
concentration of 7.5 wt % is fairly similar to that of the thick-flat
CPP-0.15/f-film with a red phosphor concentration of 7.5 wt %.
Although the EL emission spectra (or SPDs) of the c-flat CPP/
f-film and the SiN,-PCL CPP/f-film are different, to show the
effect of the 2D SiN, PCL on flat CPP, the comparison
between the c-flat CPP/f-film with a red phosphor concen-
tration of 10.0 wt % (4410 K) and the SiN,-PCL CPP/f-film
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with a red phosphor concentration of 7.5 wt % (4450 K) is
necessary when their CCTs are similar. For this reason, we
compare plots of the luminous flux (Im), luminous efficacy,
CR], and CIE color coordinates for the c-flat CPP/f-film with
red phosphor concentrations of 10.0 wt %, the SiN,-PCL CPP/
f-film with red phosphor concentrations of 7.5 wt %, and the
thick-flat CPP-0.15/f-film with red phosphor concentration of
7.5 wt %, respectively, as functions of the applied current and
the environment temperature (Figure 8). The SiN,-PCL CPP/
f-film exhibited a relatively high luminous flux, luminous
efficacy, and CRI and a similar variation of color coordinates
compared with the c-flat CPP/f-film with an increase in the
applied current and environment temperature. The thick-flat
CPP-0.15/ffilm showed a relatively low luminous flux and
luminous eflicacy and similar variations of the CRI and color
coordinates compared with the SiN,-PCL CPP/f-film with an
increase in the applied current and environment temperature.
These outcomes arose because the EL intensity of the thick-flat
CPP-0.15/f-film is lower than that of the SiN,-PCL CPP/f{-film
(see Figure 7), although the SPD of the thick-flat CPP-0.15 is
similar to that of the SiN,-PCL CPP. The luminous eflicacy of
the c-flat CPP/f-film, the SiN,-PCL CPP/f-film, and the thick-
flat CPP-0.15/f-film decreased from 81.5 to 45.8 Im/W, from
93.6 to 50.6 Im/W, and from 87.2 to 48.0 Im/W, respectively,
with an increase in the applied current from 50 to 700 mA as
shown in Figure 8a. It also indicates that the luminous efficacy
of the SiN, PCL CPP/f-film was improved by factors of 1.14
and 1.07 at 350 mA compared with that of the conventional flat
c-flat CPP/f-film at similar CCTs and compared to the thick-
flat CPP-0.15/f-film at similar SPDs, respectively. With the
introduction of 2D PCL and the increase of the CPP thickness,
CRI, and CIE color coordinates of the c-flat CPP/f-film and
SiN,-PCL CPP/f-film remained almost constant or changed
only slightly regardless of the applied current (see Figure 8b,c).
In addition, Figure 8d—f shows that variations of the luminous
flux, luminous efficacy, CRI, and CIE color coordinates for the
c-flat CPP/f-film, the SiN,-PCL CPP/f-film, and the thick-flat
CPP-0.15/f-film are very small or almost constant regardless of
the ambient temperature. Thus, the SiN,-PCL CPP/f-film and
thick-flat CPP-0.15/f-film are more suitable for application to
high-power white LEDs than the c-flat CPP/f-film. However,
the thick-flat CPP-0.15/film exhibited lower external quantum
yield and the luminous eflicacy values compared with the SiN,-
PCL CPP/f-ilm. These results confirm that the SiN,-PCL
CPP/f-film has good current and thermal stability, making it
applicable for use in high-power white LEDs.

Figure 9 plots the measured relative lumens and color
coordinates as a function of the viewing angle for the c-flat
CPP/f-film (red phosphor concentration: 10.0 wt %) and SiN,-
PCL CPP/f-film (7.5 wt %) obtained under identical excitation
conditions (current: 350 mA). The c-flat CPP/f-film exhibited a
stronger edge-emission pattern compared with the SiN,-PCL
CPP/f-film. This resulted from the strong waveguide effect at
the interface between the surface of the flat CPP and the air.
This effect can be resolved through introducing the 2D PCL,
which helps focus more emitted light toward the viewers of
white lighting devices. The normally directed emission of the
SiN,-PCL CPP/f-film was significantly higher than that of the
c-flat CPP/f-film. In addition, the angular dependence of the
color coordinates from the SiN,-PCL CPP/f-film was more
stable than that of the c-flat CPP/f-film, as seen in Figure 9b.
These results indicate that the SiN,-PCL CPP/f-film exhibited
a significantly improved normally directed EL emission and a
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Figure 9. (a) Measured relative lumens and (b) color coordinates as a function of the viewing angle for the c-flat CPP/f-film (red phosphor
concentration: 10.0 wt %) and SiN,-PCL CPP/f-film (7.5 wt %) under identical excitation conditions (current: 350 mA).

lower color shift compared with the c-flat CPP/f-film. somewhat lower CCTs (~8140 and 7770 K), respectively, due
Therefore, these results clearly indicate that the SiN,-PCL to the combined effect of the increase of the green emission
CPP/f-film provides acceptable luminous efficacy, low CCT, from the CPP and the decrease of the transmitted blue light
excellent CRI, high current, acceptable thermal stability, and from the blue LED chip owing to leaky and/or Bragg scattering
stable angular dependence on the emission. by the 2D PCL and to the increase in the thickness of the CPP.

The EL emission and the luminous efficacy results indicate that
4. CONCLUSION the 2D PCL-assisted CPP-capped LED is more suitable for
A 2D SiN, nanohole PCL and free-standing (Sr,Ca)AISiN;:Eu improving the intensity of the green emission and the external
red film phosphor were proposed and demonstrated to enhance quantum yield of the CPP compared to the thickness-increased

luminous efficacy and CRI of LuAG:Ce CPP-capped white CPP-capped LED. When a free-standing red film phosphor was
LEDs with the aim of achieving high-power and stable white introduced between the 2D PCL-assisted or flat LuAG:Ce
LEDs exhibiting excellent CRI. The luminous efficacy (94.3 CPPs and the blue LED cup, our package, as a function of the
Im/W) of the 2D PCL-assisted LuAG:Ce CPP-capped LED red phosphor concentration, exhibited higher CRI and special
was 25 and 15% higher than that of a flat CPP-capped LED CRI (Ry) and lower CCT than those values of the 2D PCL-
(75.7 Im/W) and a thickness-increased CPP-capped LED (with assisted CPP-capped LED. Among the various red phosphor
a thickness of 0.15 mm) (81.8 Im/W), respectively. Moreover, concentrations (0.0, 2.5, 5.0, 7.5, 10.0, 12.5 wt %) in this
the addition of 2D PCL and the increase of the CPP thickness experiment, the LED package with red phosphor concentration
changed high CCT (~16670 k) of the flat CPP-capped LED to of 7.5 wt % showed an excellent CRI (94), high R, (84), natural
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white CCT (4450 K), and acceptable luminous efficacy (71.1
Im/W). Moreover, the 2D PCL-assisted CPP/free-standing red
film phosphor-based LED exhibited good current and thermal
stability as functions of both applied current and ambient
temperature, and stable angular dependence on the emission.
Therefore, this combination of a 2D PCL and free-standing red
film phosphor can be applied to achieve a high-power white
CPP-capped LED with excellent CRI.
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