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efficiency and CCT uniformity for
red phosphor thin films, red LEDs and laminated
white LEDs based on near-ultraviolet LEDs using
MgO nanoparticles

Ningze Zhuo, abc Na Zhang,bc Peng Chen*a and Haibo Wang*bc

Red phosphor thin films (PTFs) with different MgO nanoparticle concentrations for near-ultraviolet (NUV)

LEDs were prepared based on their strong scattering effect; red LEDs and laminated white LEDs were

packaged further. SEM and XRD showed that CaAlSiN3:Eu
2+ (CASN) and MgO nanoparticles were

uniformly distributed in silicone resin and their crystal structure remained unchanged. The phosphor

conversion efficiency (PCE) had a maximum value of 83.15% when the MgO nanoparticle concentration

was 15 wt%. An increase of concentration can improve the spatial distribution uniformity of photonics for

410 nm, 627 nm and 660 nm. Fluorescence lifetime showed that the value is positively correlated with

concentration change. The packaged red LED luminous flux reaches a maximum of 20.337 lm at

a concentration of 15 wt%. The laminated white LED showed that the MgO nanoparticle concentration

can be used to adjust the correlated color temperature (CCT) from 4322 K to 1987 K. Under similar CCT,

the red phosphor concentration is only 1.83 wt%, the dosage is reduced by 56.12%, and the

corresponding luminous efficiency of radiation (LER) and luminous efficiency (LE) are 296.03 lm W�1 and

73.72 lm W�1 respectively. The increase was 11.42%, the decrease was 10.14%, the color rendering index

(CRI) increased from 90.6 to 91.8, and CCT uniformity increased from 82.04% to 89.27% with an

increase of 8.81%. Research shows that MgO nanoparticles have potential application value in the

preparation of high-quality white LEDs.
Introduction

Over the past decade, white LEDs have achieved rapid devel-
opment owing to their high luminous efficiency, being spec-
trally adjustable, fast response, environmental friendliness,
etc.1,2 Nowadays, the main way to realize white LEDs is that
a blue LED chip excites a yellow Y3Al5O12:Ce

3+ phosphor; due to
the lack of red spectrum, the light shows high CCT and low CRI.
However, high-quality white LEDs with full-spectrum and high-
CRI characteristics are gradually attracting general interest
nowadays. NUV LED chips exciting multi-primary phosphors is
another way to achieve high-quality white LEDs. This has the
advantages of wide spectral distribution, high CRI, and stable
light color performance.3,4 Studies have shown that owing to
differences of eld environment of phosphor matrix crystals,
there is an overlap between the absorption and emission
spectra of different phosphors, that is, the spectral re-
ng, Nanjing University, Nanjing 210093,

ight Industry, Nanjing 210015, China.

aterials, Nanjing Tech University, Nanjing

hemistry 2019
absorption effect.5–7 Therefore, the traditional hybrid coating
structure easily causes the mutual absorption of energy and the
internal energy consumption of photons of different wave-
lengths. In response to this phenomenon, researchers used
stratication or partition of PTFs to attenuate the re-absorption
and improve the device performances.8–11

As phosphor conversion materials,12–14 PTFs can convert the
absorbed photons into an emission spectrum with specic
energy distribution. With wide application range, in the display
eld,15,16 PTFs can effectively improve color uniformity and light
extraction efficiency of uorescent screens; in the eld of
photovoltaics,17,18 they can effectively improve utilization effi-
ciency of solar energy; in the eld of solid-state lighting,19,20 also
known as remote phosphors, they have the advantages of
improving uniformity and photo-thermal stability.21–23

Researchers have used a variety of methods to further optimize
the performance of PTF-based white LEDs, such as surface
plasmons,24 gradient index design,25 graphical processing,26–29

free-form surface design,30 polarization effect31 and so on.
Kwon24 enhanced luminescence properties by combining
a waveguiding ZnO-based nanostructure with plasmonic Au
nanoparticles of PTFs, and improved the LE of white LEDs by
18%. Xu25 prepared phosphor in glass with gradient refractive
RSC Adv., 2019, 9, 28291–28298 | 28291
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Fig. 1 Schematic diagram of PTFs: (a) red LED, (b) laminated white
LED.

Fig. 2 (a) PTFs with different CSAN and MgO nanoparticle concen-
trations. (b) Micrograph of PTF with CASN (4.17 wt%) and MgO nano-
particles (15.0 wt%).
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index structure by screen printing, breaking the total reection
effect in the process of photon propagation, and the LE was
improved by 7.81%. Kim26 used the nano-texture technology of
glass substrate to obtain PTFs with patterned structure,
improving the efficiency by 16%, and the simulated result
showed that a large amount of light was scattered from the
patterned structure. Li30 improved the uniformity of PTFs by
26.2% through the design of a double free-form surface. In
addition to the above methods, nanoparticles have a great
advantage in improving white LED light color performance due
to their strong scattering effect.32–36 Tang32 introduced inorganic
ZnO scattering particles through quantum dots, the dispensing
method achieving a 3.37% improvement in QD-LED efficiency.
The CCT difference from 862 K to 712 K is reduced from�70� to
70�. Chen33 reported the use of ZrO2 nanoparticles; the lumi-
nous ux is increased by 12% at a concentration of 1 wt% and
the CCT difference is reduced from 522 K to 7 K when the
concentration is increased to 10%.

The aforementioned studies are mostly limited to blue LED
chips, and a single type of PTF or phosphor. Different from the
above research, in this paper, red PTFs with MgO nanoparticles
for laminated NUV white LEDs are used as the research object,
systematically exploring the regularity of microstructure,
reectivity and transmittance, PCE, uorescence lifetime of
PTFs, LE and CCT uniformity of packaged red LED and lami-
nated white light LED. It is found that the scattering effect of
MgO nanoparticles can effectively improve the PCEs of PTFs
and luminous ux of red LEDs. In the application of laminated
white LEDs, the CCT regulation can be controlled by the
adjustment of MgO nanoparticle concentration; the incorpora-
tion of MgO nanoparticles can effectively improve the CCT
uniformity, and save a large amount of red phosphor, which has
the obvious advantage of reducing the production cost.

Experimental methods
Experimental materials

PTF-based red LED and laminated white LED structures are
shown in Fig. 1. The chemical compositions of blue, green and
red phosphors are (Ba,Sr)10(PO4)6Cl2:Eu

2+, (Ba,Sr)2SiO4:Eu
2+,

and CaAlSiN3:Eu
2+, with corresponding emission peaks of

445 nm, 520 nm and 627 nm. For MgO nanoparticles with D50 ¼
0.61 mm, refractive index is 1.70; CaAlSiN3:Eu

2+ with D50 ¼ 18.7
mm, refractive index is 2.19. The silicone resin is Dow Corning
MS-1002 (composed of A and B dual components), with
refractive index of 1.41. The NUV LED chip size is 14 mil � 28
mil, the peak wavelength is 415 nm, and the SMD lead frame
size is 5.6 mm � 3 mm � 0.7 mm. The blue phosphor
concentration is 100 wt% (A : B : blue phosphor ¼ 1.50 g : 1.50
g : 3.00 g), the green phosphor concentration is 24.17 wt%
(A : B : green phosphor ¼ 1.50 g : 1.50 g : 0.725 g), and the red
phosphor concentrations are 1.83 wt%, 2.33 wt%, 2.83 wt%,
3.33 wt%, 3.83 wt%, 4.17 wt% (A : B : red phosphor ¼ 1.50
g : 1.50 g : 0.055 g, 0.070 g, 0.085 g, 0.10 g, 0.115 g, 0.125 g).
MgO nanoparticle concentrations are 1.67 wt%, 5.00 wt%,
10.0 wt%, 15.0 wt%, 20.0 wt%, 25.0 wt%, 30.0 wt% (A : B : MgO
nanoparticles ¼ 1.50 g : 1.50 g : 0.05 g, 0.15 g, 0.30 g, 0.45 g,
28292 | RSC Adv., 2019, 9, 28291–28298
0.60 g, 0.75 g, 0.90 g). The specic concentration combination is
shown in Fig. 2.
Experiment process

PTF preparation. The raw materials were weighed according
to the preset concentrations, and the colloidal mixture was
formed by amagnetic stirrer rotating at 200 rpm for 20 min, and
then placed in a vacuum drying oven at a vacuum of �0.1 MPa
for about 30 min. During this process, the PTF forming molds
were pre-heated and surface-sprayed with stripping agent, the
temperature was 80 �C, the colloidal mixture was injected into
the cavity, and the upper template was covered to maintain
a temperature of 150 �C for 1.5 h. Finally, different types of PTFs
were obtained by cooling the mold.

Red LED and laminated white LED preparation. The chip
was xed in the SMD lead frame by solid crystal glue (Kyocera
CT285 type), baked in an oven at 150 �C for 1 h, and the elec-
trode and lead frame were electrically interconnected by a wire
bonding machine. Transparent silicone resin was injected into
the cavity of the lead frame. PTFs were placed on the surface of
the lead frame according to the structure of Fig. 1, and the layers
of PTFs were bonded by the transparent silicone resin to elim-
inate the inuence of air between the interfaces. Aer baking at
150 �C for 1 h, the red LEDs and laminated white LEDs were
obtained.
Test analysis

The microscopic morphology of PTF was observed by a Zeiss
Evo18 scanning electron microscope at a voltage of 20 kV and
a magnication of 1000�. The crystallinity was determined by
a Rigaku Ultima IV X-ray diffractometer with a voltage of 40 kV,
a scanning range of 10–90�, speed of 10� min�1, and the step
length was 0.01�. The uorescence lifetime was measured by an
Edinburgh FLS980 steady state/transient uorescence spec-
trometer. The reectivity and transmittance and PCEs were
This journal is © The Royal Society of Chemistry 2019
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View Article Online
tested and calculated by a Mu-Optical Double Integrating
Sphere. The single-ball diameter is 30 cm, and the inner wall is
sprayed with BaSO4 powder to provide diffuse reective condi-
tions. PTF scattering distribution was determined using a light
distribution tester built by our group, the components used
including 10 cm diameter integrating sphere, rotating table,
laser (410 nm, 660 nm), etc. Red LED and laminated white LED
light color performance was tested with an Everne PMS-80
uorescence spectrum analysis system with a range of 380–
800 nm, and the above tests were carried out at room
temperature.
Results and discussion

Fig. 2(a) shows the combinations of different concentrations of
CSAN andMgO nanoparticles in red PTFs and amass fraction of
24.17 wt% green PTF, 100 wt% of blue PTF under NUV light
illumination. From Fig. 2(a) it can be seen that as the MgO
nanoparticle or phosphor concentration increases, the trans-
mittance of the PTFs gradually decreases, and the color
exhibited is also different. Fig. 2(b) shows a micrograph of PTF
prepared with CASN (4.17 wt%) and MgO nanoparticles
(15.0 wt%). The image shows that phosphor and MgO nano-
particles are evenly distributed in silicone resin, the interfaces
between particles and silicone resin are continuous, and no
fault phenomenon occurs which is benecial to photon
propagation.

Fig. 3 shows XRD patterns of red PTFs of different CSAN and
MgO nanoparticle concentrations. The MgO nanoparticle
crystal form used belongs to periclase, corresponding to a cubic
system, and the space group is Fm�3m. The pattern is matched
with standard card PDF#77-2179. It can be seen from the gure
that as the concentration increases, the positions of the
diffraction peaks for the CASN and MgO nanoparticles remain
unchanged, indicating that the crystal structures have not
changed during the incorporation of MgO nanoparticles and
the process of PTF formation.
Fig. 3 XRD patterns of PTFs with different CSAN and MgO nano-
particle concentrations.

This journal is © The Royal Society of Chemistry 2019
Fig. 4 shows the optical parameters of PTFs obtained by
double-integral sphere. The lasers used are a 410 nm NUV laser
and a 660 nm red laser. 410 nm is close to the NUV LED chip
peak (415 nm) to measure the reectance and transmittance of
phosphor emission light. For the PCE of PTFs, the specic
formula is as in eqn (1).37 660 nm is used to measure the optical
properties of PTFs for long-wavelength red light outside the
excitation spectrum. It can be seen from Fig. 4(a) that as the
MgO nanoparticle concentration increases, the reectance at
660 nm increases and the transmittances decrease. Since the
CASN excitation spectrum has no absorption effect at 660 nm,
the decrease is related to the scattering loss of the PTF. In
Fig. 4(b) and (c), as the MgO nanoparticle concentration
increases, the reectance at 410 nm increases, the intensities of
the reected phosphor emission light increase rst and then
decrease, the transmittances at 410 nm decrease, and the
transmitted light of phosphor gradually increases. In satura-
tion, the PCEs in Fig. 4(d) rst rise and then fall, which has the
highest value of 83.15% at a concentration of 15.0 wt%. The
relevant change mechanism can be explained by Fig. 8.

hPCE ¼ PRED-reflectance þ PRED-transmittance

PTotal � PNUV-reflectance � PNUV-transmittance

(1)

where PTotal is the total optical power collected by two inte-
grating spheres before adding of PTFs, PRED-transmittance and
PNUV-transmittance are the optical power collected by integrating
sphere away from the excitation source, while PRED-reectance and
PNUV-reectance are the optical power collected by integrating
sphere near the excitation source.

Fig. 5(a–c) shows light scattering distribution of 410 nm LD,
phosphor emission light at 627 nm and 660 nm LD by PTFs with
different CSAN and MgO nanoparticle concentrations. Fig. 5(d)
shows the scattering distribution characteristics of CASN and
MgO nanoparticles to photons of 410 nm, 627 nm and 660 nm
calculated based on Mie theory. Fig. 5(a) and (c) have similar
trends, in the concentration range of 0.00 wt% to 10.0 wt%, and
there is a peak in the range of �10� of the scattered light
intensity, that is, the main forward transmission is dominant at
Fig. 4 Reflectance and transmittance of (a) 410 nm, (b) 627 nm, (c)
660 nm and (d) PCE of PTFs with different CSAN andMgOnanoparticle
concentrations.

RSC Adv., 2019, 9, 28291–28298 | 28293
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Fig. 5 Light scattering distribution of (a) 410 nm, (b) 627 nm and (c)
660 nm by PTFs with different CSAN and MgO nanoparticle concen-
trations. (d) The scattering distribution characteristics of CASN and
MgO nanoparticles to photons of 410 nm, 627 nm and 660 nm
calculated based on Mie theory.

28294 | RSC Adv., 2019, 9, 28291–28298
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low concentration, but as the concentration increases, the
scattered light intensity gradually becomes smooth, which is
attributed to the scattering effect of the MgO nanoparticles. The
intensity gradually increases in the range of 90–140� backscat-
tering, which corresponds to the result of Fig. 4. Further, in
combination with Fig. 5(d), it can be seen that the CASN also
has scattering peaks in a small angle range. The phenomenon
may be due to the particle size of up to 18.7 mm, for the prop-
agating photons, which is similar to the lens. The light is
concentrated in the range of the forward small angle. Due to the
small particle size, the MgO nanoparticles have a diffraction
effect on the photon propagation process, and strengths of
forward and backward scattering are close. Fig. 5(b) is a light
distribution diagram of phosphor emission light. There is also
a peak phenomenon in the range of �10�, the peak gradually
disappears as the concentration increases, and before and aer
the critical angle of �90�, the forward and backward intensities
are close to each other, which indicates that the luminescence
of phosphor is isotropic. The phosphor emission light intensity
reaches the highest value at a concentration of 15 wt%.

Fig. 6 shows the uorescence lifetimes of PTFs at MgO
nanoparticle concentrations of 0.00 wt%, 15.0 wt%, and
30.0 wt%. Aer a certain substance is excited and then uo-
resces, and then the excitation light is removed, the uores-
cence lifetime is the time for the uorescence intensity to
gradually decrease to 1/e of themaximum intensity uorescence
I0. The time can be used as a reference for the existence of
energy transfer phenomena inside the material. According to
the test results, a single exponential function tting is per-
formed to obtain the corresponding uorescence lifetimes
which are 629.68 ns, 617.11 ns and 615.25 ns, respectively. It can
be seen that as the concentration increases, the uorescence
lifetime decreases, which may be due to the scattering effect
increased by MgO nanoparticle concentration. The probability
of Eu2+ being excited increases, owing to an overlapping and
self-absorption effect of excitation and emission spectra, and
the energy transfer occurs in the luminescence center Eu2+–
Eu2+, resulting in a shorter uorescence lifetime.38,39
Fig. 6 Fluorescence lifetimes of PTFs at MgO nanoparticle concen-
trations of 0.00 wt%, 15.0 wt%, and 30.0 wt%.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Schematic diagram of light propagation direction in PTF at
different MgO nanoparticle concentrations.
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Fig. 7 is a graph showing the corresponding luminous ux
and red/NUV ratios of red LEDs prepared according to Fig. 1 at
different MgO nanoparticle concentrations. As can be seen from
the gure, the overall variation of luminous ux is similar to
that of Fig. 4(d), and there is a maximum value of 20.337 lm at
15.0 wt%. The red/NUV ratio maintains an upward tendency,
which indicates that the red emission intensity is always greater
than that of the NUV light.

The regularity of PTFs and red LEDs and mechanism in
Fig. 4–7 can be explained by the schematic diagram of photon
propagation in the PTFs shown in Fig. 8. The regions A, B, and C
indicate the PTFs without MgO nanoparticles (0.00 wt%), and
with concentrations of (1.67 wt%, 5.00 wt%, 10.0 wt%,
15.0 wt%) and (20.0 wt%, 25.0 wt%, 30.0 wt%) respectively. In
region A, when MgO nanoparticles are not incorporated, NUV
(Ray ①) can easily penetrate the PTF due to the low phosphor
concentration, and the propagation mode is mainly the forward
transmission, and the emission of the phosphor (Rays ③, ④)
spreads in an isotropic manner. In region B, when MgO nano-
particles are doped, the direction of light propagation changes,
and the absorption of NUV light and the forward transmission
red emission light intensity increase signicantly, mainly
because the scattering effect of MgO nanoparticles improves the
absorption probability of NUV light by the phosphor (Rays ⑧,
⑪) and red light forward transmission (Ray⑩). The increase in
the probability of NUV light retroreection (Rays ⑥, ⑦) is due
to the increase refractive index of PTFs,33,40 as shown by the
formula (2)–(5), enhancing the probability of total reection of
NUV light at the air interface, as shown by the formula (6) and
(7), so the overall performance is that the retroreective inten-
sity of NUV light is enhanced, and forward transmission
intensity is reduced.

nPTF ¼ cPhopshornPhopshor + cMgOnMgO + cSiliconnSilicon (2)

wherein nPTF, nPhopshor, nMgO and nSilicon represent the refractive
index of PTFs, red phosphor, MgO nanoparticles, and silicone
resin, respectively, and cPhopshor, cTiO2

and cSilicon represent the
volume ratios of red phosphor, MgO nanoparticles, and silicone
Fig. 7 Luminous efficiency and red/NUV ratios of red LEDs prepared
using PTFs with different MgO nanoparticle concentrations.

This journal is © The Royal Society of Chemistry 2019
resin in the PTFs, cPhopshornPhopshor + cSiliconnSilicon, which are
constant according to known conditions. This is represented by
the letter C, so the formula (2) can be expressed as:

nPTF ¼ C + cMgOnMgO (3)

The relationship of cMgO with the MgO nanoparticle
concentration cMgO satises the following:

cMgO ¼ cMgOrMgO ¼ 4

3
pr3NðrÞMgOrMgO (4)

In the formula, N(r)MgO and rMgO represent the concentra-
tion distribution function and the density of MgO nanoparticles
which are constants, and the simultaneous eqn (3) and (4) are
obtained:

nPTF ¼ C þ c

rMgO

nMgO (5)

It can be seen that the refractive index of the PTF is positively
correlated with the MgO nanoparticle concentration.

The propagation of light at the interface between the PTF
and the air satises the law of total reection:

nPTF sin a1 ¼ nAir sin a2 (6)

when total reection occurs, a2 ¼ 90�, and the critical angle a1

is:

a1 ¼ arc sin
nAir

nPTF
¼ arc sin

1

C þ c

rMgO

nMgO

(7)

It is known that the refractive index of air is 1, so the
combination formula (7) shows that as the MgO nanoparticle
concentration increases, the critical angle of total reection
decreases, and the probability of total reection increases.

In region C, when the amount of MgO nanoparticles incor-
porated reaches a certain value, MgO nanoparticles will form an
agglomeration on the phosphor. On the one hand, the MgO
cluster will generate multiple scattering (Ray ⑬) to the excita-
tion light, and on the other hand, the phosphor emission light
RSC Adv., 2019, 9, 28291–28298 | 28295
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Fig. 10 Spectral distribution curves of laminated white LEDs under
different MgO nanoparticle concentrations.
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(Ray ⑮) will fall into the MgO cluster, and multiple scattering
direct energy depletion will occur, resulting in a decrease in the
total optical power of the red emission light. At the same time,
according to the formulas (5) and (7), the PTF refractive index
continues to increase, the reection phenomenon on the
interface is enhanced, and the retroreective intensity of NUV
light is gradually increased.

Fig. 9 and 10 show corresponding CCTs, LEs, CRI and
spectral distribution curves of different MgO nanoparticle
concentrations for laminated white LEDs prepared according to
Fig. 1(b). It can be seen that the CCTs and LEs decrease with
increasing concentration, and the light source apparent color in
the illustration changed gradually from positive white to red,
indicating that the control of white LED color can be achieved
by changing the MgO nanoparticle concentration. The CRI is
greater than 90 for the mass fraction of 0 wt% to 10 wt%, and its
value becomes gradually lower than 90 with increasing MgO
nanoparticle concentration and red phosphor emission light
intensity. The spectral distribution curve in Fig. 10 can be used
to explain this phenomenon. In the gure, the red light inten-
sity rst rises and then falls, with the largest value at 15.0 wt%.
The light source color changed gradually from positive white to
red because the increasing red light intensity is higher than the
blue and green light amplitude. The change of luminous effi-
ciency can be explained by formula (8). In the range of visual
efficiency curve of the visible spectrum, as the concentration
increases, the green light intensity gradually decreases,
although the red light intensity gradually increases, but away
from the maximum peak of 555 nm, so the luminous efficiency
is gradually reduced according to the formula.

LE ¼ Km

Ð
VðlÞSðlÞdl

IV
lm W�1 (8)

V(l) represents the visual efficiency curve for the visible spec-
trum; S(l) represents the spectral power density; Km represents
the spectral optical performance at a wavelength of 555 nm,
which is 683 lm W�1; and I and V represent the input current
and voltage, respectively.

In order to more objectively evaluate the inuence of MgO
nanoparticles on laminated white LEDs, under similar color
Fig. 9 Trends of CCT, LE and CRI of laminated white LEDs under
different MgO nanoparticle concentrations.

28296 | RSC Adv., 2019, 9, 28291–28298
temperature conditions, we select an incorporated MgO nano-
particle concentration of 15 wt%, and adjust the red phosphor
concentration to achieve white LED performance regulation.
According to the experiment, references 1, 2, and 3 in Fig. 11
respectively represent CCT, LER, and LE values of laminated
white LED prepared by red phosphor (4.17 wt%) without MgO
nanoparticles incorporated. When the red phosphor concen-
tration is 1.83 wt%, the CCT of white LED is 4243 K, which is 79
K different from the reference 4322 K. The corresponding LER
and LE are 296.03 lmW�1 and 73.72 lmW�1 respectively. In the
gure, the three indicators gradually decrease with the increase
of red phosphor. This phenomenon can also be explained by the
spectral distribution curve of Fig. 12, and its trend is similar to
that of Fig. 9. In Fig. 12, as the red phosphor concentration
increases, the red luminescence intensity increases, the green
luminescence intensity decreases, so the corresponding CCT
and LE decrease, while the LER is higher than that of the
reference light source before the concentration of 3.33 wt%,
which indicates that the relative green emission ratio that
promotes the luminous ux before this concentration is
Fig. 11 CCTs and LEs of laminated white LEDs under different red
phosphor concentrations.

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Spectral distribution curves of laminated white LEDs under
different red phosphor concentrations.

Fig. 14 CCT uniformity of laminated white LEDs corresponding to
MgO nanoparticle concentration of 0.00 wt% (none incorporated) and
15.0 wt% (incorporated).
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relatively high. Aer this concentration, since the red phosphor
concentration is too high, NUV light is greatly absorbed and
converted into red light, causing a decrease in the relative
amount of NUV intensity for exciting green phosphor. It can be
seen from the gure that under similar CCT conditions, the red
phosphor amount is reduced from 4.17 wt% to 1.83 wt%, and
the saving amount reaches 56.12%. At this time, LER and LE are
296.03 lm W�1 and 73.72 lm W�1 respectively. Compared with
the reference value, the increase was 11.42%, the decrease was
10.14%, and the CRI increased from 90.6 to 91.8.

LER ¼ Km

Ð
VðlÞSðlÞdl
Ð
SðlÞdl lm W�1 (9)

V(l) represents the visual efficiency curve for the visible spec-
trum; S(l) represents the spectral power density; Km represents
the spectral optical performance at a wavelength of 555 nm,
which is 683 lm W�1.

Fig. 13 and 14 respectively show the light distribution curve
and CCT uniformity of laminated white LEDs corresponding to
MgO nanoparticle concentration of 0.00 wt% (none incorpo-
rated) and 15.0 wt% (incorporated). It can be seen from Fig. 13
that the distribution of the two light sources is still of
Fig. 13 Light distribution curve of laminated white LEDs corre-
sponding to MgO nanoparticle concentration of 0.00 wt% (none
incorporated) and 15.0 wt% (incorporated).

This journal is © The Royal Society of Chemistry 2019
Lambertian type (that is, the luminous intensity has a cosine
distribution as a function of angle). In Fig. 14, in the range of
�75� to 75�, the CCT range of none incorporated is 843 K, the
CCT uniformity is 82.04%; the CCT range of doped type is 474 K,
the CCT uniformity is 89.27%, showing 8.81% increases.
Conclusions

In this paper, red PTFs with different MgO nanoparticle
concentrations were prepared based on a high-temperature
molding process. The microscopic morphology and crystal
structure of the PTFs were characterized by scanning electron
microscopy and X-ray diffraction. Based on double integrating
sphere and light color uniformity instrument measuring the
reection and transmittance, PCEs, spatial distribution of PTFs,
and the uorescence lifetimes under different concentration
conditions were tested by steady state/transient uorescence
spectroscopy. The preparation of red LEDs and laminated white
LEDs was further carried out. The above studies found that the
MgO nanoparticles do not change the crystal structure of the
material, and are dispersed uniformly in the silicone resin,
based on its scattering effect. The PCEs of PTFs increase rst
and then decrease, reaching a maximum value of 83.15% at
a concentration of 15 wt%. The corresponding red LED has the
highest luminous ux of 20.337 lm. In the preparation of white
LEDs via a lamination structure, it was found that the regula-
tion of MgO nanoparticle concentration can effectively control
the CCT of white LEDs from 4322 K to 1987 K. Maintaining
similar CCT and the used concentration of red phosphor of only
1.83 wt%, the CCT of the prepared white LED is 4243 K, which is
different from the reference color temperature of 4322 K by 79
K. The corresponding LER and LE are respectively 296.03 lm
W�1 (increased by 11.42%) and 73.72 lm W�1 (decreased by
10.14%), the CRI increased from 90.6 to 91.8, the phosphor
usage was reduced by 56.12%, and the CCT uniformity
increased from 82.04% to 89.27%, showing 8.81% increases.
Studies have shown that the incorporation of MgO
RSC Adv., 2019, 9, 28291–28298 | 28297
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nanoparticles has an advantage for the improvement of red LED
luminous ux. In the packaging application of laminated white
LEDs, the amount of phosphors can be signicantly reduced,
the cost is reduced, and the CCT uniformity is improved, so that
there is a potential application value in the preparation of high-
quality white LED packages.
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