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ABSTRACT: White light-emitting diodes (WLEDs) based on phosphor and
quantum dots (QDs) have attracted worldwide attention. Phosphor and QDs
with different physical characteristics are distributed unevenly in a polymer
matrix, resulting in the spectrum changes of the phosphor-QD-based WLEDs
(PQ-WLEDs). Aiming for a similar distribution of QDs and phosphor in the
matrix, we proposed the phosphor/SiO2/QD (PSQ) composite particles in
which negatively charged QDs are electrostatically adsorbed on the surface of
phosphor particles decorated with positively charged SiO2. The PSQ composite
particles retained a high quantum yield of 77.6%. PSQ-WLEDs with varied
standing times of the uncured PSQ-added silicone showed stable spectra with
stable optical parameters. For comparison, the spectra of PQ-WLEDs with
untreated phosphor and QDs obviously changed with the standing time.
Specifically, the LE, CCT, and CRI of PSQ-WLEDs using Dow corning OE
180 silicone only changed by 1.7, 3.3, and 3.9%, respectively, after a long sufficient standing time; however, the LE, CCT, and CRI of
PQ-WLEDs using the same silicone changed by 9, 5.4, and 10%, respectively. This optical instability in PQ-WLEDs resulted from
the difference between the distribution of phosphor and QDs in the mixed silicone matrix after standing. However, the distribution
of phosphor and QDs in PSQ-WLEDs was always the same with each other due to the composite structure. Applying the PSQ
composite particles in WLEDs, we can easily attain highly optical consistent phosphor-QD-based WLEDs and provide an efficient
control of product quality.
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1. INTRODUCTION

Common white light-emitting diodes (WLEDs) containing
blue light-emitting chips and yellow light-emitting phosphor
have high luminous efficiencies (LEs) but low color rendering
indexes (CRIs) because of the lack of red light.1,2 Quantum
dots (QDs) as luminescent nano-semiconductor materials have
shown excellent advantages in wavelength turnability and color
rendering capability in the application of WLEDs.3−7 A
phosphor and QDs-converted WLED (PQ-WLED) can
achieve high LE and CRI, simultaneously.7−10 During the
packaging of PQ-WLEDs, QDs and phosphor are uniformly
mixed in a polymer such as silicone with a certain viscosity and
behave differently: phosphor with a diameter of several
microns undergoes sinking in the viscous silicone,11,12 but
the nanometer-sized QDs stay in suspension. After several
minutes, phosphor is distributed in a gradient concentration in
silicone but QDs are still distributed uniformly. The different
distributions of phosphor and QDs change their light-emitting
intensity because phosphor situated at the bottom gets more
exciting blue light than the QDs.13−15

Many researchers have studied the effects of changeable
distribution of phosphor in silicone on the spectra and optical
parameters of phosphor-converted WLEDs.16,17 Avoiding
phosphor sinking is a direct way to maintain the stable
distribution of phosphor. Researchers have provided some
methods to evenly distribute phosphor in silicone of WLEDs,
such as the modified phosphor with vinylsilane coupling
agent,18 phosphor/silicone particles,19 and phosphor/glass.20,21

However, these methods are unsuitable for the phosphor and
QDs-added WLEDs for the following reasons: the high
manufacturing temperature of phosphor/glass will thermally
quench the QDs, and the phosphor/silicone and modified
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phosphor just slow down the sinking of phosphor instead of
avoiding.
We proposed a new idea to maintain the distribution of QDs

similar to that of phosphor in silicone of WLEDs by producing
the phosphor/SiO2/QD (PSQ) composite particles. The PSQ
composite synthesized by electrostatic adsorption is a whole
new approach to avoid uneven distribution of phosphor and
QDs, which is responsible for the different spectra and optical
characteristics of WLEDs. The PSQ particles will sink as the
pure phosphor does, and the QDs will have the same
distribution with phosphor to catch the same blue light in
different sinking conditions. Phosphor is much harder to be
positively charged by a reaction with amino-terminal silicane
than SiO2. Therefore, SiO2 was generated on the surface of
phosphor, following a facile amino-modification, which
positively charged the SiO2-coated phosphor. Then, the
electropositive phosphor/SiO2 (PS) combined with the
electronegative carboxyl-terminal QDs. Figure 1a shows the
schematic of the PSQ composite particles. SiO2 spheres are
located on the surface of phosphor and QDs on the surface of
the composite phosphor/SiO2 (PS).

2. EXPERIMENTAL SECTION
According to the manufacturing process shown in Figure 1a, we
prepared the PSQ composite particles in four steps. The first step was
to generate the SiO2-coated phosphor (PS) by hydrolyzing
tetraethylorthosilicate (TEOS) via a sol−gel method:22 1 g of
phosphor (the yellow-greenish YAG:Ce phosphor with a peak
wavelength of 550 nm), 20 mL of ethanol, 5 mL of deionized
water, and 1 mL of TEOS were mixed. Then, 1 mL of ammonium
hydroxide was added dropwise into the mixture and stirred for 30 min
at 60 °C; the attained PS precipitation was washed twice by ethanol.
The second and third steps followed a previously described method.23

The second step was to modify the PS with amino ions from 3-
aminopropyl trimethoxysilane (APTMS): a mixture of 1 g of
phosphor/SiO2, 20 mL of ethanol, and 5 mL of APTMS were stirred
for 7 h at 25 °C; the generated PS+ precipitation was washed twice by
ethanol and kept in 10 mL of deionized water. The third step was to
modify the QDs with carboxyl anions from 3-mercaptopropionic
(MPA): 2 mL of MPA, 6 mL of sodium hydroxide solution (1 g of
NaOH in 10 mL of water), and 10 mg of QDs (red-emissive CdSe/

CdS core/shell QDs with oleic acid ligands and a peak wavelength of
630 nm) in 3 mL of chloroform were mixed and stirred for 10 min;
this mixture was extracted by 5 mL of deionized water and
centrifuged; the generated QD− precipitation was dispersed in 5
mL of deionized water. The final step was the electrostatic
combination: 1 mL of the carboxyl-anion-terminal QD− solution
(containing 2 mg of QDs) was added dropwise in 10 mL of stirred
amino-ion-terminal PS+ solution (containing 1 g of phosphor). The
final orange precipitate, the PSQ composite particles, was dried for 12
h at 50 °C. In the lower left of Figure 1a, the prepared PSQ particles
in Bottle 3 can entirely sink like pure phosphor (P) in Bottle 1, and
the QDs evenly suspend in chloroform in Bottle 2.

Figure 1b illustrates the process of PSQ-WLED packaging and
optical measurement. The InGaN chips (peak wavelength of 450 nm)
in the LED model were covered with 0.1 g of 10 wt % PSQ-added
silicone resin. Two kinds of silicone resins with different viscosities
were used (Dow corning OE 184 with a viscosity of 3500 cP, Dow
corning OE 6550 with a viscosity of 4700 cP). The spectra of PSQ-
WLED with uncured silicone mixture were tested after standing for 0,
10, 15, 30, and 60 min at room temperature of 25 °C. The applied
Dow corning OE silicone needs at least 12 h to cure thoroughly at
room temperature. Main optical parameters, such as CCT, LE, CRI,
and chromaticity coordinates, were calculated from the obtained
spectra. After the optical test, the composite silicone of the PSQ-
WLED was cured at 80 °C for 1 h. For comparison, a PQ-WLED
added with pure phosphor and QDs was packaged and tested. For a
fair comparison of luminous efficiency, CCT and CRI of PQ-WLED
were adjusted to be similar to those of PSQ-WLED.

Scanning electron microscopy (SEM) images were measured by an
FEI Nova NanoSEM 450. Transmission electron microscopy (TEM)
images were measured by a Tecnai G2 F30 transmission electron
microscope. Fourier transform infrared spectroscopy (FTIR) images
were measured by a Thermo Nicolet iS50. Surface charges of QD−

and PS+ particles were measured using a Zeta-Potential Analyzer
(Brookhaven BI-200SM). The cross-sectional pictures of PSQ
(phosphor and QDs)-added silicone films were taken by a photon
microscope. The photoluminescence (PL) spectra and absolute PL
quantum yields were measured by a Hamamatsu Quantaurus-QY at
an excitation wavelength of 450 nm from a xenon lamp. Time-
resolved PL (TRPL) spectra were measured by an FLS 980 Series of
Fluorescence Spectrometer at a pulse excitation wavelength of 450
nm. The spectra of the PQ-WLED and the PSQ-WLED were tested
by an Everfine ATA-1000 Integrating Sphere at 100 mA of current.

3. RESULTS AND DISCUSSION

3.1. Morphology. Figure 2 shows a series of SEM and
TEM images to visually observe the materials and products
during the preparation of PSQ. The sphere-like phosphor (P)
in Figure 2a,b has a diameter of about 10 μm and a smooth
surface. In Figure 2c,d, the PS particles were coated with many
small SiO2 particles. The nanoscale QDs with a uniform size
are shown in Figure 2e,f. The SiO2 particles and synthesized
SiO2/QDs (SQ) are shown in Figure 2g,h, respectively,
proving the electrostatic adsorption between the amino-
terminal SiO2 and carboxyl-terminal QDs. A single PSQ
particle and its partially enlarged details are shown in Figure
2i−k, respectively. In the PSQ particle, SiO2 particles were
coated on the surface of phosphor and QDs on the surfaces of
SiO2 and phosphor.
Figure 3a,b shows the FTIR spectra of the above-mentioned

materials and products. In Figure 3a, due to the wide
absorbance wavenumber range of phosphor, its FTIR spectra
show a fake “negative” peak around 1000 cm−1 of wavenumber.
The real positive absorbance peak of the Si−O bond appeared
at 1115 cm−1 (point A) in the FTIR spectra of (PS) phosphor/
SiO2 due to the coating of SiO2. The PS

+ (PS/APTMS) had a
weak absorption peak at 2939 cm−1 (point B, the C−H bond

Figure 1. Schematic of (a) the manufacture of the PSQ composite
particles and (b) process of PSQ-WLED packaging and optical
measurement.
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in CH2) from the reaction with a small amount of APTMS.
The absorbance spectrum of PSQ hardly shows a peak of QDs
due to the very little coating of QDs. In Figure 3b, the
absorbance spectrum of QDs shows some obvious peaks from
the oleic acid ligand, such as the peaks at 3448 cm−1 (the O−H
bond) and 1575 cm−1 (the CO bond). The absorbance
spectrum of the QD− (QDs/MPA) was not only similar to that
of the MPA but also had a same peak (the C−H bond in CH2)
with QDs at 2921 cm−1 (point C) and another same peak (the
S−H bond) with MPA at 2552 cm−1 (point D). The existence
of the above bonds proved the accuracy of the products during
the synthesis process of PSQ displayed in Figure 1a. As shown
in Figure 3c,d, zeta-potential test results show that the charge
potentials of PS+ and QD− were +2.98 and −12 mV,
respectively. The opposite charge potentials of modified
phosphor and QDs strongly confirmed the fabrication principle
of PSQ by electric absorption.
The cross sections of PSQ-added silicone films and

phosphor and QD (P + Q)-added silicone films are shown

in Figure 4a,b, respectively. All of the films were cured at 80 °C
for 1 h after 0 or 60 min of standing at room temperature of 25

°C. PSQ and P obviously sank in silicone films after 60 min of
standing. However, the upper layer of the PSQ-silicone film
under ultraviolet light was blank signifying the absence of
luminescent particles here, which was different from the still
light-emitting upper layer of the P + Q-silicone film. QDs in
PSQ-silicone films moved with phosphor and shared the same
distribution of phosphor due to their combination, but QDs in
P + Q-silicone films were always suspended leading the upper
layer with only QDs after the sinking of phosphor and the
different distributions between QDs and phosphor.

3.2. Effects of Modifications and Optical Performance
of PSQ. Photoluminescence (PL) spectra of pure and
modified phosphor and QDs are shown in Figure 5a. As for
phosphor, the PL spectra of pure phosphor, PS, and PS+ were
almost the same and their quantum yields (QYs) were 0.977,
0.991, and 0.996, respectively. Coating and modifying hardly

Figure 2. SEM images of (a, b) phosphor, (c, d) PS, and (i, j, k) PSQ. TEM images of (e, f) QDs, (g) SiO2, and (h) SQ.

Figure 3. (a) FTIR spectra of phosphor (P), SiO2, PS, APTMS, PS+,
and PSQ; (b) FTIR spectra of QDs, MPA, and QD−; (c) charge
potential of PS+; and (d) charge potential of QD−.

Figure 4. Microscopic photos of the cross sections of (a) PSQ-
silicone films and (b) P + Q-silicone films after 0 and 60 min of
standing times, respectively.
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affected the optical transfer ability of phosphor because of the
negligible small coverage rate of SiO2 particles. As for QDs,
compared with pure QDs with a QY of 0.596, the PL spectra of
QD− and SQ slightly shifted to red, and their QYs reduced to
0.569 by 4.5% and 0.562 by 5.7%, respectively. The surface
defects resulting from the ligand exchange during the MPA
modification of QDs and the light optical absorption of SiO2
would reduce the QY of modified QDs.
Fluorescence decay curves of phosphor (QDs) in both P+

(QD−) and PSQ are shown in Figure 5b,c. These decay curves
were well fitted with an exponential function I(t) = A e−t/τ,
where I(t) is the PL intensity at time t and τ is the PL lifetime.
It has been noted that the fluorescence decay of PSQ was
measured at both microsecond and nanosecond levels because

the PL lifetimes of YAG phosphor and CdSe/CdS QDs in PSQ
were several microseconds and nanoseconds, respectively.
Phosphor in PSQ (12.79 μs) had a shorter PL lifetime than
that of P+ (13.07 μs) by 2%, but QDs in PSQ (21.23 ns) had a
much longer PL lifetime than that of QD− (15.06 ns) by 41%.
The PL lifetime changes of phosphor and QDs in PSQ were
caused by the fluorescence resonance energy transfer from
phosphor to the attached QDs.24,25

Absorbance and emission spectra of PSQ composite
particles, phosphor, and QDs are shown in Figure 5d. The
absorbance spectrum of QDs had a wide range of absorption
wavelength, different from the obvious absorbance peak of
phosphor at 445 nm. The absorbance spectrum of PSQ was
similar to that of phosphor with an absorption peak. There

Figure 5. (a) PL spectra of the pure and modified phosphor and QDs; (b) TRPL spectra of positively charged phosphor and phosphor in PSQ; (c)
TRPL spectra of negatively charged QDs and QDs in PSQ; (d) absorbance and emission spectra of PSQ, phosphor, and QDs; (e) normalized
spectra of PQ-WLED and PSQ-WLED; and (f) spectra of PSQ-WLED with different-colored PSQ.

Figure 6. Spectra of (a) PSQ-WLED and (b) PQ-WLED after different standing times; variations of LE, CCT, and CRI of (c) PSQ-WLED and
(d) PQ-WLED; and (e) comparison of their CIE coordinates.
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were two peak wavelengths in the emission spectra of PSQ at
550 and 630 nm, inheriting from phosphor and QDs,
respectively. In addition, the QY of PSQ was 77.6% under
an exciting wavelength of 450 nm.
Normalization spectra of the PSQ-WLED and PQ-WLED

are compared in Figure 5e. As mentioned before, both kinds of
WLEDs possessed similar CCT and CRT for a fair comparison
of LE. The CCT, CRI, and LE of PSQ-WLED were 5115 K,
86.8, and 72.86 lm/W, respectively, and those of PQ-WLED
were 5145 K, 87.4, and 78.91 lm/W, respectively. The LE of
PSQ-WLED was 7.6% less than that of PQ-WLED due to
several reasons for light loss, such as the slight reduction of the
QY of QDs after modification and the fluorescence resonance
energy transfer from phosphor to the attached QDs, which was
proved above by the PL lifetime changes of phosphor and QDs
in PSQ.
The color of PSQ particles was adjustable by changing the

mass ratios of QDs in PSQ. As shown in Figure 5f, PSQ of four
mass ratios (1.0, 1.5, 2.0, and 2.5‰) was synthesized, and their
colors gradually turned from yellow to orange with the increase
of QDs. The intensities of red-emitting light in the spectra of
PSQ-WLED were also enhanced with larger mass ratios of
QDs in PSQ. This color turnability of PSQ can be applied to
package PSQ-WLED of varied CCT or CIR.
3.3. Optical Stability of PSQ-WLEDs. Figure 6a shows

the stable spectra of the PSQ-WLED after standing for several
minutes. However, the spectra of the PQ-WLED changed with
the standing time of phosphor and QDs-mixed silicone, yellow
light enhanced while blue light and red light reduced, as shown
in Figure 6b. Variations in LE, CCT, and CRI of PSQ-WLED
were obviously smaller than those of PQ-WLED. After
standing for 80 min, as shown in Figure 6c, LE of PSQ-
WLED increased only by 1.7%, and its CCT and CRI reduced
by 3.3 and 3.9%, respectively; but, as shown in Figure 6d, LE of
PQ-WLED increased obviously by 9%, and its CCT and CRI
reduced sharply by 5.4 and 10%, respectively. In addition,
Figure 6e shows that the CIE coordinates of the PSQ-WLED
moved slowly from x = 0.344 and y = 0.380 to x = 0.350 and y
= 0.394 with increasing the standing time from 0 to 80 min,
but the CIE coordinates of the PQ-WLED moved sharply from
x = 0.340 and y = 0.379 to x = 0.352 and y = 0.418. From the
view of efficiency, the PSQ-WLED spent less time to achieve
the stability of spectra. Slight changes in the optical
characteristics of the PSQ-WLED were acceptable. It has
been noted that the viscosity of silicone affects the sinking
speed of phosphor in mixed silicone. WLEDs in Figure 6 used
the Dow corning OE 180 with a viscosity of 3500 cP. Another
kind of silicone with a larger viscosity (Dow corning OE 6550,
viscosity of 4700 cP) was also used to package PSQ-WLED
and PQ-WLED. The optical parameter variations are shown in
Table 1. Even though larger viscosity of silicone can slow down
the sinking of phosphor, the spectra of PQ-WLED with Dow
corning OE 6550 silicone still changed much more than that of

PSQ-WLED with the same silicone after standing, as shown in
Figure S1. In a word, PSQ-WLED with PSQ composite
particles displayed a much more stable optical performance
than PQ-WLED with pure phosphor and QDs.
The sinking of luminescent particles influences the optical

performances of PQ-WLED and PSQ-WLED in different ways,
as shown in Figure 7. As for PQ-WLED, on the one hand,

phosphor gathered in the lower part of the silicone film (close
to the chip) after standing and caught more blue light than
QDs, so that the emission intensity of yellow light from
phosphor increased; on the other hand, QDs caught less blue
light but more yellow light due to the wide absorption
spectrum from the ultraviolet to the visible light. The longer
the PQ-WLED was left standing, the higher the intensity of
yellow-emitting light from phosphor and the lower the
intensity of red-emitting light from QDs. As for PSQ-WLED,
though the PSQ composite particles also sank and gathered in
the lower part of the silicone layer, phosphor and QDs always
caught the blue light at the same time because their distances
from chips were always the same no matter how the PSQ was
distributed. Therefore, the essence of achieving optical stability
by PSQ-WLEDs with different standing times was in the
similar distribution of phosphor and QDs due to their
connection.

4. CONCLUSIONS
The graded-distributed phosphor and uniform-distributed
QDs in the silicone matrix led to spectrum changes in the
phosphor-QD-based WLEDs. Therefore, we provided PSQ
composite particles to enable the even distribution of phosphor
and QDs in the silicone matrix. The synthesized PSQ
possessed a high QY of 77.6%. Besides, the emitting spectrum
of the PSQ particles was alterable by controlling the mass
ratios of ingredients. A PSQ-WLED with PSQ and a PQ-
WLED with pure phosphor and QDs were fabricated and
tested. The PSQ-WLED showed more stable spectra and
higher optical consistency after varied standing times than
those of the PQ-WLED. For example, the LE, CCT, and CRI
of PSQ-WLED using Dow corning OE 180 silicone changed
only by 1.7, 3.3, and 3.9%, respectively, after a long sufficient
standing time; however, the LE, CCT, and CRI of PQ-WLED

Table 1. Optical Parameter Changes in PSQ-WLED and
PQ-WLED with Different Silicone Films

silicone WLED LE (%) CCT (%) CRI (%)

Dow corning OE 180 PSQ 1.7 3.3 3.9
PQ 9 5.4 10

Dow corning OE 6550 PSQ 5.8 0.1 0.3
PQ 14.2 11.8 5.7

Figure 7. Schematic of the optical performance of (a) the PQ silicone
films and (b) the PSQ-silicone films in the initial and after standing.
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using the same silicone changed by 9, 5.4, and 10%,
respectively. It is good to note that by the application of
PSQ in WLEDs, we can achieve phosphor and QD-based
WLEDs of higher optical consistency. No matter how the
distribution of PSQ changes, the spectrum of the PSQ-WLED
was highly stable. In other words, we can apply the PSQ
particles to easily attain a highly optical consistent phosphor-
QDs-based WLED regardless of many factors affecting the
particles’ distribution in the packaging polymer, which provides
an efficient control and management of product quality.
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