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Abstract— Quantum dots-light-emitting diodes (QDs-
LEDs) have attracted extensive attention in recent years
due to their outstanding performance of color-rendering
index (CRI). QDs were found to undergo severe fluores-
cence quenching in moisture environments, while rare solu-
tions were proposed to solve this issue. In this article,
1H,1H,2H,2H-perfluorooctyltrichlorosilane (FOTS)-modified
superhydrophobicnanosilica (FOTS-NS) particles were syn-
thesized and coated on the QDs/polymer films to prevent the
moisture from penetrating the films. The light efficiency of
the FOTS-NS-coated LEDs was investigated, and the mois-
ture stability of the FOTS-NS-coated QDs/polymer films was
tested in an extreme moisture environment (50 ◦C, 99.6%
relative humidity) for 270 h. The results show that compared
with the uncoated LEDs, the FOTS-NS layer increases the
light efficiency by ∼10% for the blue LEDs and ∼3.8% for
the white LEDs (correlated color temperature of ∼5000 K
and Ra of ∼91) by optimizing the particle deposition density
of the FOTS-NS. Besides, the normalized peak intensity
degradation of QDs embedded in the coated and uncoated
films after aging for 270 h is ∼35.68% and ∼77.66%, showing
the capacity of FOTS-NS layer on enhancing the moisture
stability of the QDs-LEDs.

Index Terms— Light efficiency, moisture stability,
quantum dots-light-emitting diodes (QDs-LEDs),
superhydrophobic nanosilica (NS).

I. INTRODUCTION

WHITE light-emitting diodes (LEDs) are the most pop-
ular lighting source in the 21st century and have

gradually replaced the traditional incandescent and fluores-
cent lamps in many lighting fields [1]. Nowadays, the most
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common commercial white LEDs are realized by coating
phosphors [2]–[4] on the LED chip, which is well-known as
phosphor-converted LEDs (pc-LEDs) [5]–[7]. The pc-LEDs
present extremely high light efficiency and reliability over high
temperature and moisture environment. However, they suffer
low color-rendering index (CRI) (typically Ra < 80) due to the
wide full-width at half-maximum (FWHM) of the phosphor
and the lack of red and green spectral components [8], [9],
which hinders their further application in many lighting fields
such as backlight display and mobile phones.

Quantum dots (QDs) have attracted extensive attention in
solid-state lighting (SSL) in recent years due to its narrow
emission spectra and high quantum yields. Numerous studies
show that the white LEDs with Ra > 90 can be easily
realized by adding green or red QDs into the conventional
pc-LEDs [10]–[13]. Although the QDs-LEDs have higher
CRI, they suffer more serious thermal and moisture stabil-
ity problems than the conventional pc-LEDs [14]–[17]. The
presence of oxygen and/or moisture leads to the aggrega-
tion, surface destruction, and active layer degradation of the
QDs, which induces severe fluorescence quenching, spec-
tra change, and even device failure [18], [19]. Therefore,
it is of great importance to isolate oxygen and moisture
from the QDs. Few methods were proposed to achieve
this goal including mesoporous silica embedding [20]–[24],
polymer coating [polyvinyl alcohol (PVA) and polymethyl-
methacrylate (PMMA), etc.] [25]–[27], and siloxane encap-
sulating [28], [29]. However, these methods involve complex
material synthesis processes and may induce quantum yield
drop of QDs, depending on the optical properties of the
materials used.

In current QDs-LEDs packaging, the pristine QDs are mixed
with curable polymer materials (silicone, PMMA, etc.) to form
the QDs/polymer film to keep the QDs away from oxygen
and moisture [30], [31]. Indeed, this can retard the fluores-
cence quenching of QDs under low moisture environment.
However, a previous study showed that the moisture can
penetrate into the polymer film when the film was exposed
to extreme moisture environment for a long time [32]. There-
fore, it is predictable that the QDs/polymer film will also
undergo severe fluorescence quenching in extreme moisture
environment. However, researches on the moisture stability
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of the QDs/polymer film are almost blank. Hence, it is of
great importance to investigate the moisture stability of the
QDs/polymer film and find solutions to enhance it.

In recent years, surperhydrophobic surfaces with hierar-
chical structure have been extensively studied and applied
to numerous applications, such as self-cleaning, corrosion
prevention, and chemical shielding [33]. The low surface
functionalized hierarchical structures have been proven to
effectively prevent moisture from penetrating the interior of
the surfaces [33]. Thereby, we assumed that this method can
be applied to isolate the moisture from the QDs/polymer film.
The main challenge is how to realize the transparent superhy-
drophobic surfaces to ensure the light extraction efficiency of
the QDs/polymer film. Fortunately, the random aggregation of
the transparent nanosilica (NS) particles can be an alternative
method to realize such surfaces [34], [35].

The aim of this article is to investigate the moisture stabil-
ity of the QDs/polymer films and find solution to enhance
it. To achieve this goal, we built a moisture reliability
test experimental setup. The red-emissive CdSe/ZnS core/
shell QDs were synthesized [36] and mixed with silicone to
form the QDs/polymer films. To enhance the moisture stability
of the QDs/polymer films, the superhydrophobic NS particles
were prepared and coated on the QDs/polymer films to prevent
the moisture from penetrating the films. The morphology,
wettability, and stability of the coated surfaces were charac-
terized. The light efficiency and the moisture stability of the
QDs-LEDs with coated and uncoated films were investigated.

II. METHODOLOGY

A. Fabrication of the Transparent Superhydrophobic
Surfaces

The transparent NS particles were chosen to realize
hierarchical structure. However, the high surface energy
of pristine NS and the presence of the hydroxyl (−OH)
in pristine NS make the NS particles present superhy-
drophilic wettability. Therefore, the pristine NS should be
low surface-energy-modified. The superhydrophobic NS par-
ticles were prepared by our previous proposed method
as shown in Fig. 1 [37]. First, the pristine NS parti-
cles were synthesized by hydrolyzing the tetraethoxysilane
(TEOS), then the pristine NS particles were modified with
1H,1H,2H,2H-perfluorooctyltrichlorosilane (FOTS), and the
FOTS-modified NS particles were called as FOTS-NS in
subsequent description. The morphology of the nanoparticles
was characterized by transmission electron microscope (TEM,
Tecnai-G20, FEI). The prepared NS and FOTS-NS particles
were dispersed in ethanol and deposited on the glass substrate
to characterize the wettability of the nanoparticles and the
transparency of the FOTS-NS-coated layer.

B. Light Efficiency Characterization of the
FOTS-NS-Coated LEDs

As shown in Fig. 2(a), the chip-on-board LED module
with 2 × 2 chip array was used in the experiments. First,
the phosphor–QDs/polymer mixture was coated on the LED

Fig. 1. Synthesize process of the surperhydrophobic NS particles.

Fig. 2. Fabrication process of the FOTS-NS-coated LEDs. (a) Structure
of the LED modules used in the experiments. (b) Coating phosphor
(QDs)/polymer film. (c) Coating FOTS-NS particles.

Fig. 3. Moisture characterization. (a) Experimental setup. (b) Image of
the three types of samples. (c) LED module used in the experiments. (d)
LED module with remote QDs.

module by the direct dispensing method to form a thin flat
film above the LED chip as shown in Fig. 2(b). After the
film was cured, the FOTS-NS particles were deposited on
the top surface of the film by the spray coating method as
shown in Fig. 3(c). The morphology of the coated surfaces
was characterized by scanning electron microscope (SEM,
JSM-7600F, JEOL).

In the experiments, the blue LED modules and the white
LED modules with correlated color temperature (CCT) of
∼5000 K were fabricated. For the blue LED modules, only
silicone was coated on the LED modules. For the white
LED modules, the phosphor–QDs/polymer mixture was used
and the concentration of the phosphor–QDs was adjusted
to generate the desired CCT, and the mass ratio of each
component was set as 0.075 g phosphor:0.25 mg QDs:1 g
silicone. The red-emissive CdSe/ZnS core/shell QDs were
synthesized and used. Yellow phosphor (YAG-O4, Intematix)



5198 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 66, NO. 12, DECEMBER 2019

was used because white light cannot be generated with red
QDs solely. Silicone (OE6550A/B, Dow corning) was used as
the polymer to disperse the phosphor and QDs.

To characterize the effect of the FOTS-NS particle coating
on the light efficiency of the LEDs, the particle deposition
density (PDD) was adjusted from 0 to 9 g/m2. To enhance
the adhesion of the nanoparticle to the film, silicone was
used as the binder during the spraying coating process. The
light efficiency of the LED modules was measured with an
integrating sphere (ATA-1000, Everfine).

C. Moisture Stability Characterization of the Coated and
Uncoated Films

An experimental setup as shown in Fig. 3(a) was established
to explore the moisture stability of the coated and uncoated
films. All the samples were placed in a water bath with size
of 150 mm × 120 mm × 65 mm. The depth of the water
was 25 mm and the samples were placed at 50 mm from the
bottom. Two thermocouples were used to monitor the temper-
ature of the water and the temperature around the samples.
A hydrometer was applied to monitor the relative humidity
around the samples. Two small holes were opened at the side
surfaces of the water bath to keep the pressure inside the water
bath consistent with the atmospheric pressure. An attemperator
was applied to heat the water to 55 ◦C ± 1 ◦C by adjusting
the input power. The water evaporates after being heated to
form a high moisture environment in the upper space of the
water bath. The temperature and relative humidity around the
sample were measured as 50 ◦C and 99.6%, respectively.

Three types of samples as shown in Fig. 3(b) were pre-
pared: 1) type 1: phosphor/polymer film with the mass ratio
of 0.075 g phosphor:1 g silicone; 2) type 2: QDs/polymer
film with the mass ratio of 0.25 mg QDs:1 g silicone; and
3) type 3: FOTS-NS-coated QDs/polymer film with the mass
ratio of QDs consistent with type 2 and the FOTS-NS particles
cover the entire surface of the film. The diameter and the
thickness of the films were set as 12.7 mm ± 0.2 mm
and 1 mm ± 0.05 mm, respectively, and five samples were
prepared for each type. The wettability and stability of the
FOTS-NS-coated films over temperature and time were char-
acterized. To eliminate the impact of moisture on the stability
of other components of the LED module, only the films were
placed inside the water bath. For the light efficiency test,
the films were taken out of the bath and put on the LED
module as shown in Fig. 3(c) with a remote structure as shown
in Fig. 3(d). The spectra and peak intensity of the phosphor and
QDs over aging time of 270 h were measured and analyzed.

III. RESULTS AND DISCUSSION

Fig. 4(a) shows the TEM image of the FOTS-NS particles.
It shows that the FOTS-NS particles present spherical mor-
phology with a diameter of ∼70 nm. The NS and FOTS-NS
particles were deposited onto a 1-mm glass substrate with
the PDD of 0.5 g/m2 to characterize their wettability dif-
ference and the result is shown in Fig. 4(b) and (c). The
NS-coated surface presents superhydrophilic property due to
the presence of hydroxyl (−OH), while the FOTS-NS-coated

Fig. 4. Morphology and wettability of the particles. (a) TEM image of the
FOTS-NS particles. (b) Wettability of the FOTS-NS- and (c) NS-coated
surfaces.

Fig. 5. Transparency characterization results of the FOTS-NS layer.
(a) Transmittance of pure glass substrate and FOTS-NS-coated sub-
strate with the PDD of 0.3 g/m2 at wavelength from 450 to 700 nm.
(b) Transmittance of the FOTS-NS layer with the PDD from 0 to 9 g/m2.

Fig. 6. Light efficiency of the FOTS-NS-coated LEDs with PDD from 0
to 9 g/m2. (a) Blue LEDs. (b) White LEDs with CCT of ∼5000 K and Ra
of ∼91.

surface presents superhydrophobic property because the
low surface energy functional group (−CH2CH2(CF2)5CF3)
replaces the hydroxyl (−OH). More detailed characteriza-
tion of the nanoparticles can be obtained from our previous
studies [37], [38].

Fig. 4(b) also shows that the FOTS-NS-coated surfaces
present high transparency, which indicates the application fea-
sibility of the FOTS-NS particles in LED packaging. Fig. 5(a)
shows the transmittance of the pure glass substrate and the
FOTS-NS-coated substrate with the PDD of 0.3 g/m2 at a
wavelength from 450 to 700 nm. The transmittance of the two
substrates is approximated at all wavelengths. Fig. 5(b) shows
the transmittance of the FOTS-NS layer with the PDD from
0 to 9 g/m2, and the transmittance of the FOTS-NS layer is
defined as the transmittance ratio of the coated substrate to the
uncoated substrate. The results indicate that the transmittance
of the FOTS-NS layer decreases with the PDD monotonically.

Fig. 6 shows the light efficiency of the FOTS-NS-coated
blue and white LEDs with the PDD of 0–9 g/m2; all the
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Fig. 7. Schematic light propagation at the silicone–air interface and
the morphology of nanoparticles under different PDDs. (a) 0 g/m2.
(b) 0.3 g/m2. (c) 0.9 g/m2. (d) 3 g/m2.

LEDs were tested under constant current of 700 mA and
the light efficiency is defined as the ratio of the output light
energy to the input electrical energy. It can be seen that the
light efficiency of both the blue and white LEDs increases
with the PDD first and decreases after that. For the blue
LEDs, a maximum light efficiency enhancement of ∼10% was
achieved at a wide range of PDD from 0.9 to 3.6 g/m2. For
the white LEDs, a maximum light efficiency enhancement of
∼3.8% was achieved at PDD of ∼0.9 g/m2.

Fig. 7 illustrates the mechanism behind the light efficiency
variation in LEDs with the PDD as shown in Fig. 6. For
uncoated LEDs as shown in Fig. 7(a), most of the light is
reflected at the flat silicone–air interface due to the refrac-
tive index difference of silicone (∼1.53) and air, which
induces severe light efficiency drop. When the nanoparticles
deposit on and gradually cover the silicone film as shown in
Fig. 7(b) and (c), the dome shape of the nanoparticles helps
extract the light at the silicone–air interface, resulting in the
increase in light efficiency. However, when the PDD further
increases, the nanoparticles form layer-by-layer structure on
most of the surface as shown in Fig. 7(d). The layer-by-layer
structure reduces the light extraction efficiency due to the
scattering and absorption of the nanoparticles. Furthermore,
as shown in Fig. 7(b)–(d), part of the nanoparticles aggre-
gate to form microscale structures. Each microscale structure
contains thousands of nanoparticles with complicated layer-by-
layer structure as shown in the SEM images of Fig. 7(d), which
causes severe light scattering and absorption. The amount and
size of the microscale structures increase with the PDD. As a
result, the light efficiency decreases with the PDD after that.

The light efficiency of the blue LEDs mainly depends
on the aggregate morphology of nanoparticles. For PDD <
0.9 g/m2, the nanoparticles cover the silicone film gradually,
which increases the light efficiency. When the PDD further
increases, the nanoparticles aggregate and cover the silicone
film simultaneously. The light efficiency enhancement of the
nanoparticles makes up the light efficiency reduction caused by
the nanoparticle aggregation. As a result, the light efficiency
rarely changes with the PDD from 0.9 to 3.6 g/m2. For PDD
> 3.6 g/m2, the particle aggregation becomes more serious.
Therefore, the light efficiency decreases monotonously.

However, for the white LEDs with phosphor and QDs,
the scattering and light absorption–conversion of the phos-
phor/QDs change the light propagation direction, which
increases the light extraction efficiency [7]. As a result,

Fig. 8. Wettability characterization of the FOTS-NS-coated QDs/polymer
films. (a) Wettability of the coated and uncoated films with the PDD
of 0.9 g/m2. (b) SEM image of the coated film. (c) CA and CAH of
water droplets on the coated films with the PDD from 0 to 9 g/m2.
(d) Temperature dependence of CA of water droplets on the coated films
with the PDD of 0.9 g/m2 after heating for 100 h at fixed temperature.
(e) Time evolution of CA of water droplets on the coated films with the
PDD of 0.9 g/m2 when immersing the films into 50 ◦C water pool.

the light efficiency enhancement by the nanoparticles is weak-
ened. However, the light efficiency reduction by the aggrega-
tion of nanoparticles remains. Therefore, the light efficiency
enhancement by the nanoparticles of the white LEDs is smaller
than that of the blue LEDs. Besides, different from the blue
LEDs, the light efficiency of the white LEDs increases when
PDD < 0.9 g/m2 and decreases after that.

The above results illustrate the effect of the FOTS-NS
layer on the light efficiency of LEDs. To further investigate
the effect of the FOTS-NS layer on the wettability and
moisture stability of the QDs/polymer films, the FOTS-NS
particles were coated on the QDs/polymer films with the PDD
of 0–9 g/m2. Fig. 8(a) shows the water droplets on the coated
film with the PDD of 0.9 g/m2 and uncoated film, and the
diameter of the water droplet is ∼2 mm. It can be seen
that the coated film presents superhydrophobic property with
water contact angle (CA) of ∼160◦, while the uncoated film
shows hydrophilic property with water CA of ∼85◦. Fig. 8(c)
shows the CA and CA hysteresis (CAH, difference between
advancing CA and receding CA) of water droplets on the
coated films with the PDD from 0 to 9 g/m2. The CAs of the
coated films are larger than 160◦ and the CAHs of the coated
films are smaller than 2.5◦ when the PDD > 0.3 g/m2, which
indicates that the FOTS-NS layer can effectively prevent the
water from penetrating the films with the PDD > 0.3 g/m2.
Moreover, the wettability and stability of the coated films with
the PDD of 0.9 g/m2 under heated and moisture conditions
were characterized. For the heated condition test, the films
were heated to a predefined temperature for 100 h before CA
measurement, and the results are shown in Fig. 8(d). For the
moisture condition test, the films were immersed into 50 ◦C
water pool, and the CAs of the films over time are shown in
Fig. 8(e). It can be seen that the CAs of the films almost keep
constant under heated and moisture conditions, which prove
the high wettability and stability of the films.



5200 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 66, NO. 12, DECEMBER 2019

Fig. 9. Moisture stability characterization of the coated and uncoated
films. (a) Spectra evolution of the phosphor/polymer films over aging
time. (b) Spectra evolution of the QDs/polymer films over aging time.
(c) Spectra evolution of the FOTS-NS-coated QDs/polymer films with the
PDD of 0.9 g/m2 over aging time. (d) Time evolution of the normalized
peak intensity of films.

The moisture stability of the three types of samples shown
in Fig. 3(b) was characterized with the experimental setup
shown in Fig. 3(a). Based on the above results, the PDD
of type 3 films was set as 0.9 g/m2. Fig. 9(a)–(c) shows
the spectra of the three types of samples over aging time.
The intensity of the phosphor and QDs’ emission spectra
decrease as time goes by, which indicates the moisture induces
irreversible fluorescence quenching of phosphor and QDs.
Comparing Fig. 9(a) with (b), it can be seen that the QDs
suffer more serious fluorescence quenching than the phosphor.
Therefore, the moisture stability of the QDs will become the
key parameter for deciding the reliability of the QDs-LEDs
under moisture environment. Comparing Fig. 9(b) with (c),
it can be seen that the spectra intensity degradation of the
FOTS-NS-coated QDs/polymer film is much smaller than
that of the uncoated QDs/polymer film, indicating that the
moisture stability of the QDs is significantly enhanced with
the FOTS-NS layer. To quantitatively characterize the moisture
stability of phosphor and QDs, the normalized peak intensity
of the phosphor and QDs’ emission spectra was analyzed as
shown in Fig. 9(c). It shows that the normalized peak inten-
sity degradation of the phosphor/polymer films, QDs/polymer
films, and FOTS-NS-coated QDs/polymer films after aging for
270 h is ∼17.43%, ∼77.66%, and ∼35.68%, respectively.

IV. CONCLUSION

In this article, we proposed a simple and feasible method
to enhance the light efficiency and moisture stability of the
QDs-LEDs. The superhydrophobic NS particles (FOTS-NS)
were synthesized by modifying the pristine NS particles with
1H,1H,2H,2H-FOTS. The wettability of the FOTS-NS and
the transparency of the FOTS-NS layer were characterized.
The effect of the FOTS-NS layer on the light efficiency
of the LEDs and the moisture stability of the QDs/polymer
films was characterized. The results show that the FOTS-NS
layers show high transparency and enhance the light efficiency
of the LEDs by improving the light extraction efficiency

at the silicone–air interface under low PDDs. Besides, the
FOTS-NS particles form hierarchical structure to prevent the
water from penetrating the QDs/polymer film, and thereby
the FOTS-NS-coated films show higher moisture stability than
the uncoated films.
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