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Abstract— White light-emitting diodes (WLEDs) com-
posed of blue LED chip, yellow phosphor, and red quantum
dots (QDs) are considered as a potential alternative for
the next-generation artificial light source, with their high
luminous efficiency (LE) and color-rendering index (CRI).
However, the poor stability of QDs-silicone mixture
and the optical reabsorption effect between the mixed
QDs/phosphor particles severely hinders the wide utiliza-
tion of QDs-WLEDs. Therefore, in this paper, a silica shell
was coated onto the QDs surface to solve the compatibility
problem between QDs and phosphor-silicone gel. Then,
a QDs-on-chip packaging structure was proposed to reduce
the reabsorption energy loss. The prepared QDs@silica
nanoparticles (QSNs) exhibited excellent luminescent sta-
bility over bare QDs under high-temperature (85 °C) and
high-relative humidity (85% RH). With CRI > 90 and
R9 > 90, the newly proposed QSNs-WLEDs demonstrated
an LE enhancement of 15.7% over conventional mixed-type
WLEDs due to the less reabsorption loss. Consequently,
the newly proposed QSNs-WLEDs showed 20.5 °C lower
QDs working temperature under driving current of 200 mA.

Index Terms—Color-rendering index, luminous effi-
ciency (LE), phosphor, quantum dots (QDs), silica coating,
white light-emitting diodes (WLEDs).

|. INTRODUCTION

HITE light-emitting diodes (WLEDs) have been
Wattracting numerous interests due to their extraor-
dinary characteristics over conventional light sources such
as high efficiency, low consumption, environmental pro-
tection, and long lifetime [1]-[3]. The most widely used
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phosphor-converted WLEDs (pc-WLEDs) are realized by
combining blue LED chip with yellow-emissive Y3AlsO1s:
Ce’t (YAG: Ce) phosphor. The pc-WLEDs can achieve
high luminous efficiency (LE), while their color-rendering
index (CRI) is relatively low (70) due to the lack of red
spectral components [4]. Adding red phosphor is an effective
way to remedy the defect of CRI. However, it is incapable of
maintaining high LE because the broad red emission partially
lies outside the sensitive region of human eyes [5], [6].

Recently, quantum dots (QDs) have attracted extensive
attention in solid-state lighting field due to their unique
optical properties such as narrow emission spectrum, size-
tunable emission wavelength, and high quantum yields [7].
It has been reported that WLEDs composed of blue LED
chip, yellow-emissive phosphor, and red-emissive QDs can
realize excellent CRI (Ra > 90) as well as remarkably
high LE [8], [9], making QDs-WLEDs a potential alterna-
tive for the next-generation artificial light source. In the
packaging process of QDs-WLEDs, the QDs are impracti-
cal for integration of LEDs directly due to their solution-
based synthetic route, in which QDs are suspended in some
organic solvent. The hydrophobic organic ligands on QDs’
surface damage the polymerization of silicone gel, namely,
the catalyst-poisoning effect [10]. In addition, the incom-
patibility of QDs’ surface with silicone gel can result in
QDs agglomeration, consequently decreasing the photolumi-
nescence (PL) efficiency. Therefore, several solutions have
been proposed to solve the compatibility problem, for instance,
modifying QDs’ surface chemistry [11], [12], incorporating
QDs into mesoporous microspheres [13], and coating barrier
layer on QDs’ surface [14], [15]. Among these approaches,
QDs-silica coated nanoparticles (QSNs), e.g., CdSe-SiO» [16],
CdSe/ZnS-SiO; [17], and CdSe/CdS/ZnS-SiO> [18], have
been widely studied, and the photostability of QSNs/phosphor-
silicone mixture has been proven to be dramatically improved
after coating. To our knowledge, the existing QSNs-WLEDs
are fabricated by directly mixing QSNs with phosphor gel [19].
Because of the strong Mie scattering effect of phosphor
particles, yellow photons are partially reabsorbed by QSNs
and converted to red photons, resulting in reabsorption energy
losses. Moreover, the utilization of QSN is inefficient because
the nanosized QSNs are far away from the LED chip; conse-
quently, increasing the amount of QDs needed.
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Fig. 1. Schematic shows the (a) separated- and (b) mixed-type
QSNs/pc-WLEDs.

Fig. 2. Schematic showing the synthesis of QSNs by using the
microemulsion reaction.

Therefore, in this paper, a silica shell was coated onto the
QDs surface to solve the compatibility problem between QDs
and phosphor-silicone gel. Then, a QSNs-on-chip packaging
structure was proposed to eliminate the reabsorption energy
loss. Fig. 1 shows the schematic of the proposed QSNs-on-chip
packaging and conventional mixed packaging. Red-emissive
CdSe/ZnS core—shell QDs were synthesized, and QSNs were
prepared by a microemulsion reaction. For the fabrication of
QSNs-on-chip WLEDs packaging, QSNs were directly coated
onto the LED chip; then, yellow-emissive YAG:Ce phosphor-
silicone gel was coated. The effect of QDs/phosphor reabsorp-
tion on the optical energy loss was also discussed. Finally,
the temperature fields of the QSNs-on-chip and conventional
mixed QSNs-WLEDs were measured to analyze the thermal
effect due to the reabsorption energy loss.

[l. EXPERIMENTS
A. Synthesis of Red-Emissive CdSe/ZnS Core/Shell QDs

According to [20], adding QDs with a peak wavelength
of 626 nm into phosphor-converted LEDs can greatly improve
the CRI. Therefore, high-quality red-emissive CdSe/ZnS
core/shell QDs with peak wavelength of 626 nm was prepared
by the Tri-n-Octylphosphine (TOP)-assisted successive ionic
layer adsorption and reaction (SILAR) method [21].

B. Preparation of CdSe/ZnS-SiO> QSNs

To coat the QDs with silica shells, a microemulsion reaction
was applied [22]. Fig. 2 shows the synthesis process of QSNs.
Briefly, 25 ml of cyclohexane as a solvent and 3 g of IGEPAL
CO-520 as a surfactant were mixed at room temperature.
A 0.5 mg of QDs dispersed in 0.5 ml of toluene was introduced
into the above mixture, and then 0.5 ml (9 m - mol) of
tetraethyl orthosilicate was added. The reaction was initiated
by adding 0.5 ml of ammonium at the rate of 0.2 ml/min and
then it was allowed to proceed for 40 h. After completion
of the silica growth, the solution was precipitated by adding
methanol and was centrifuged to isolate the QSNs from the
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Fig. 3. HRTEM images of the (a) CdSe/ZnS QDs and (b) QSNs. Inset:
Corresponding photographs under daylight and UV light. Right graph
shows the corresponding diameter distribution. (c) Absorption and PL
spectra of the CdSe core QDs, CdSe/ZnS core—shell QDs, and QSNs.

microemulsion. The resultant QSNs were washed sequentially
with cyclohexane, n-hexane, and finally dispersed in methanol.

C. Fabrication of QSNs/pc-WLEDs

In the fabrication of separated-type QSNs/pc-WLEDs,
QSNs methanol solution was first dripped onto the InGaN
LED chip (455 nm), then the module was placed on the
hotplate at 70 °C for 10 min. After all the methanol was evap-
orated, YAG:Ce phosphor (550 nm, Intematix Co.) was mixed
homogeneously with silicone gel (Dow Corning OE 6550,
A:B = 1:1). Bubbles introduced during the mixing process
were removed by applying alternating cycles of vacuum. Then,
the phosphor gel was dip coated onto the LED module to cover
the LED chip and QSNs. Finally, the phosphor gel was cured
by an annealing step at 150 °C for 30 min.

As a comparison, the conventional mixed-type
QSNs/pc-WLEDs were also fabricated. First, QSNs
methanol solution was mixed homogeneously with phosphor-
silicone gel. Then, the methanol solvent was removed by
applying 60 °C of heating and vacuum alternately. After
all the methanol was evaporated, the resultant was coated
onto the LED chip, followed by an annealing step at 150 °C
for 30 min.

[1l. RESULTS AND DISCUSSION

Fig. 3 shows the high-resolution transmission electron
microscopy (HRTEM) images of the as-prepared CdSe/ZnS
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Fig. 4. Normalized decay curves of QSNs and bare QDs-based LED for
accelerated aging test. Inset: Corresponding illumination pattern under
different aging times.

QDs and the QSNs, and the absorption/emission spectra of the
core and core/shell QDs. From Fig. 3(a), the QDs’ average
size is measured as 6.4 nm with uniform size distribution.
An advantage from the TOP-assisted SILAR method, which
removes the surface lattice imperfections by the surface ions
redissolution and lattice rearrangement during the whole ZnS
shell formation process, is that the absolute PL quantum
yields (PLQY) was efficiently enhanced from 45% (core) to
69% (core—shell), as depicted in Fig. 3(c). Fig. 3(b) shows
TEM images of the as-prepared QSNs, which demonstrate
good dispersity and uniform size distribution. Under optimized
condition, the average particle size is measured as 32.8 nm
with silica-coating thickness of about 13.2 nm. This coating
thickness can provide effective protection for QDs and retain
QDs’ PL intensity. The TEM measurements indicate that in
the majority of the composite particles, the QDs are located
at the center of the structure. Also, only rarely we observe
instances of multiple QDs residing within the same silica
shell. After silica-coating process, the PL QY of QDs dropped
from 69% to 55%. This PL QY attenuation is quite related
to the silica-coating thickness. It was also observed that the
peak wavelength of QDs after silica coating changes from
629 to 628 nm, which is negligible for the WLEDs packaging
process.

An important benefit of silica coating is a significant
improvement of long-term photo and thermal stability of the
QSNs compared with bare QDs. Therefore, an accelerated
aging test was conducted to validate the effectiveness of our
silica-shell coating. Three LED samples were fabricated by
using the bare QDs and QSNs, respectively. In the fabrication
of QSNs-based samples, QSNs methanol solution was first
dropped onto the InGaN LED chip, then the module was
placed on the hotplate at 70 °C for 10 min. After all the
methanol was evaporated, pure silicone gel was coated onto
the LED module to cover the LED chip and QSNs, followed
by an annealing step at 150 °C for 30 min. Similar procedures
were applied in the fabrication of bare QDs-based samples.

In the accelerated aging test, the LED samples were placed
into an oven under 85 °C and 85% relative humidity (85 RH)
for 168 h. The PL intensity of QDs and QSNs was monitored
every 24 h. Fig. 4 shows the accelerated decay curves of these
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Fig. 5. Photographs of the (a) QSNs-on-chip WLEDs and (b) mixed
WLEDSs under daylight and UV light illumination. (c) EL spectra of the
as-fabricated two types of WLEDs under 20 mA. Inset: llluminated
photographs.

samples. It is seen that at the beginning 48 h, the bare QDs
lost 50% of the original PL intensity, while the PL intensity of
silica-coated QDs remained intact. After 168-h aging, 87% of
the original PL intensity is still preserved for the QSNs, while
the bare QDs only retain 20% of the original PL intensity.
From the illumination pattern in the insets of Fig. 4, we can
clearly observe the degradation of bare QDs sample, which
lost most of the red emission at the completion of the 168-h
test, while the QSNs samples still show most of the original
red emission after the aging test.

Fig. 5 displays the photographs and -electrolumines-
cence (EL) spectra of the as-fabricated WLEDs with
QSNs-on-chip and mixed packaging structures under 20-mA
illumination. These WLEDs were fabricated with identical
spectral power distribution. At the same correlated color
temperature level of 4700 K (neutral white light), both types
reveal high CRI values of Ra > 90, and R9 > 90, which
indicates the color-rendering ability toward deep red. It is
seen that the proposed QSNs-on-chip type WLEDs achieved
an LE of 140.7 Im/W, which is 15.7% higher than that
of mixed type (121.4 1Im/W). Therefore, benefit from the
separated QSNs/phosphor structure, the reabsorption energy
loss between QSNs and phosphor can be significantly reduced.

Fig. 6 shows the LE and CRI of these WLEDs under
increasing driving current from 20 to 200 mA. Both types
of WLEDs show stable spectral distributions without PL
saturation effect [23], their CRI values nearly unchanged even
at 200 mA (Ra > 88 and R9 > 89). Type I shows enhanced
LE than type II under different driving currents, indicating
the effective reduction of reabsorption losses. Note that the
LE drop with increasing current is mainly attributed to the
efficiency drop of LED chip itself.

To further investigate the reabsorption effect, we calculated
the optical energy loss of LED chip, QSNs plus phosphor
in QSNs-on-chip type, and the mixture of QSNs/phosphor
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Fig. 6. LE and CRI of the QSNs-on-chip and mixed-type WLEDs under
different driving currents.

in mixed type. The energy losses are obtained by calcu-
lating the optical energy difference during the packaging
process [24], [25]. Also, these reabsorption energy loss can be
calculated theoretically [26], [27]. Briefly, the energy loss of
“LED chip” is calculated by the difference of input electrical
power and output optical power of LED module with only
silicone gel; the energy loss of “QSNs plus phosphor” is
calculated by the difference of output optical power of LED
module with only silicone gel and output optical power of
LED module with QSNs plus phosphor gel; the energy loss
of “mixture of QSNs/phosphor” is calculated by the difference
of output optical power of LED module with only silicone
gel and output optical power of LED module with mixed
QSNs/phosphor gel.

Fig. 7(a) shows the measured energy loss in each compo-
nent. The reabsorption energy loss was calculated as 3 mW
at 20 mA, 11.4 mW at 100 mA, and 17.1 mW at 200 mA,
respectively. Therefore, the reabsorption energy loss increased
with the increasing driving current, indicating that the pro-
posed separated packaging structure reduces more energy loss
at higher driving current.

Another main concern is that the working temperature of
QSNs-on-chip type should be reduced compared to that of
mixed type due to the less heat generation. Therefore, we mea-
sured the steady temperature fields of these two WLEDs by an
infrared thermal imager (FLIR SC620). The WLEDs module
is mounted onto a metal core printed circuit board for heat
dissipation, and then driven by 200 mA. The emissivity of
silicone gel is set as 0.96 [28], [29], and distance between
camera lens and WLEDs is set as 0.5 m. Fig. 7(b) displays
the measured temperature fields of these WLEDs. It is seen
that under the same driving current of 200 mA, the temperature
of top silicone in the QSNs-on-chip type is 20.5 °C lower than
that in the mixed type.

While, this observed temperature reduction at the top
of silicone is insufficient to demonstrate the advantage of
our QSNs-on-chip type WLEDs since the highest working
temperature was not revealed. Therefore, we simulated the
temperature distribution of type II WLEDs by the finite-
element method to investigate the location of highest working
temperature. Due to the difficulties in measuring the thermal
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Fig. 7. (a) Optical energy losses of LED chip, QSNs plus phosphor in
the QSNs-on-chip type, and QSNs/phosphor mixture in the mixed type.
(b) Measured temperature fields of the QSNs-on-chip type and mixed-
type WLEDs under driving current of 200 mA. (c) Simulated temperature
fields of the mixed-type WLEDs under driving current of 200 mA.

conductivity of QSNs particles, the thermal simulation of
type I WLEDs was not conducted in this paper. In the sim-
ulation, all the boundary conditions and thermal conductivity
settings were the same as those in [30].

Fig. 7(c) shows the simulated temperature field of mixed-
type WLEDs under 200 mA. It is seen that the simulated result
agrees well with the experiment, and the relative deviation
of the highest temperature is less than 1%. The highest
temperature of type II WLEDs locates on the top surface of
silicone. This is mainly attributed to the relatively low-thermal
conductivity of silicone and ambient air. It can be indicated
from the simulation result that the highest temperature of
QSNs-on-chip type also locates on the top surface of silicone,
and its highest temperature is lower than that of mixed type
due to the better heat dissipation condition of QSNs. Thus, it is
confirmed by both experiments and simulation that the QSNs-
on-chip type takes greater advantages over conventional mixed
type in both optical and thermal performances.

IV. CONCLUSION

In this paper, a QSNs-on-chip type WLEDs packaging
was proposed to reduce the reabsorption energy loss and
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enhance the LE. Highly luminescent red-emissive CdSe/ZnS
QDs were synthesized by the TOP-assisted SILAR method.
Then, QDs were coated with a silica shell by the microemul-
sion reaction; subsequently, the QSNs with uniform size
distribution and good dispersity were prepared. The QSNs-
on-chip type WLEDs were fabricated by first dipping QSNs
onto the LED chip, then coating the phosphor-silicone gel.
The as-prepared QSNs exhibited excellent luminescent sta-
bility over bare QDs under 85 °C and 85% RH. With
CRI > 90 and R9 > 90, the newly proposed QSNs-WLEDs
demonstrated an LE enhancement of 15.7% over conven-
tional mixed-type WLEDs due to the less reabsorption loss.
Consequently, the newly proposed WLEDs showed 20.5 °C
lower QDs working temperature under driving current
of 200 mA, which is beneficial for QDs’ long-term operation.
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