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Abstract
Quantum dots (QDs) are facing significant photoluminescence degradation in moisture environment. In
QDs-silicone composites, the poor water resistance of silicone matrix makes it easy for water and
oxygen molecules to erode QDs. To tackle this issue, we proposed a new QDs protection strategy by
introducing short-chain silica precursors onto the QDs’ surface, so that a dense silica passivation layer
could be formed onto the QDs nanoparticles. Sol-gel method based on 3-aminopropyl triethoxysilane
(APTES), 3-mercaptopropyl trimethoxysilane (MPTMS), and 3-mercaptopropy! triethoxysilane
(MPTES) were adopted to prepare the uniform and crack-free QDs-silica glass (QD-glass). Because of
the crosslinking of short-chain precursors, the formed silica glass possesses 38.6% smaller pore width
and 68.6% lower pore volume than silicone, indicating its denser cross-linked network surrounding
QDs. After 360 h water immersion, the QDs-glass demonstrated a 6% enhancement in red-light peak
intensity, and maintained a stable full width at half maximum (FWHM) and peak wavelength, proving
its excellent water-resistant ability. However, the conventional QDs-silicone composites not only
showed a decrease of 75.3% in red-light peak intensity, but also a broadened FWHM and a redshifted
peak wavelength after water immersion. QDs-glass also showed superior photostability after 132 h
exposure to blue light. Red-light peak intensity of QDs-glass remained 87.3% of the initial while that of
QDs-silicone decreased to 19.8%. And the intensity of QDs-glass dropped to 62.3% of that under
20 °C after thermal treatment of 160 °C. Besides, under increasing driving currents, the light conversion
efficiency drop of QDs-glass is only one fifth that of QDs-silicone. Based on the QDs-glass, the white
light-emitting diodes was achieved with a high luminous efficiency of 126.5 Im W' and a high color
rendering index of 95.4. Thus, the newly proposed QD-glass has great significance in guaranteeing the
working reliability of QDs-converted devices against moisture and high-power environment.

Keywords: quantum dots, silica glass, densely cross-linked network, high power, stability

(Some figures may appear in colour only in the online journal)

1. Introduction become one of the most noticed luminous materials in recent
years. They are widely used in lighting [1-3], displays [4-6],
Quantum dots (QDs), a kind of unique semiconducting photovoltaics [7, 8], and sensors [9, 10] owing to their unique
nanocrystals, have developed over a long period of time and  characteristics such as wide absorption spectra, high color
purity, and tunable emission spectra [11]. However, the sen-
* Authors to whom any correspondence should be addressed. sitivity of QDs towards water and oxygen severely hinders

0957-4484,/22 /465202+11$33.00 Printed in the UK 1 © 2022 I0P Publishing Ltd


https://orcid.org/0000-0002-6423-9868
https://orcid.org/0000-0002-6423-9868
mailto:binxie@hust.edu.cn
mailto:luoxb@hust.edu.cn
https://doi.org/10.1088/1361-6528/ac86de
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ac86de&domain=pdf&date_stamp=2022-08-30
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ac86de&domain=pdf&date_stamp=2022-08-30

Nanotechnology 33 (2022) 465202

X Yang et al

their widespread application. Water and oxygen molecules
could erode the surface structures of QDs, leading to surface
ligand detachment, the subsequent defect states, and even
core damage [12—-17]. Furtherly, exposure to blue light will
accelerate the erosion process, which causes irretrievable
damage to QDs in the photoluminescent process [14, 18]. In
practice, QDs are usually embedded in silicone matrix which
has strong water and oxygen permeability, resulting in sig-
nificant lifetime shrink of QDs. Thus, it is urgent to promote
the working stability of QDs by impeding the permeation and
erosion of water and oxygen.

Protective barrier coating is a common and effective
solution for above problem [19]. Silica is frequently used in
coating for its high optical transparency and water resistance
[20-27]. However, the hydrophilic hydroxyl on the surface of
silica shell weakens its water-resistant ability [28]. To solve
this issue, surface-hydrophobic treatment for silica shell has
been proposed [29, 30]. In our previous work, the surface of
nanosized SiO,-coated QDs was furtherly modified with
enough methyl groups to be superhydrophobic. The nano-
composite-silicone film showed only 1% drop of PLQY after
being immersed in water for fifteen days [30]. Nevertheless, the
fabrication of nanosized and superhydrophobic SiO,-coated
QDs requires precise control of the coating reaction and surface
modification or it may cause severe aggregation among QDs
during the coating process.

At present, inorganic glass has gained much attention due
to its high chemical stability and dense structure. The silica
glass fabricated by sol-gel method is used for QDs encapsu-
lation for its mild reaction conditions, stable structure, and
high compatibility with the surface ligands of QDs [31].
During the fabricating process, silica glass prepared by tet-
raethoxysilane (TEOS) typically uses ammonia or propyla-
mine as a catalyst [32-34]. However, the alkalinity of the
catalyst could damage QDs, and result in a rapid reaction rate
which makes the QDs-silica glass easy to crack. These
shortcomings significantly limit the application of QDs-glass
in practical encapsulation.

To solve this problem, we proposed a new protection
strategy based on crosslinking of short-chain silica precursors to
achieve a dense buffer layer outside QDs. Besides, by optimizing
the reaction dynamics, the crack phenomenon in QDs-glass was
eliminated, thus promoting the practical application of QDs-silica
glass composites in optoelectronics. The catalyst-free fabrication
process was achieved by utilizing 3-mercaptopropyl trimethox-
ysilane (MPTMS), 3-aminopropyl triethoxysilane (APTES), and
QDs capped with 3-mercaptopropyl triethoxysilane (MPTES) as
the surface ligand. Textural properties and water, photo, thermal,
and high-power stability of QDs-silica glass were investigated.
QDs-glass maintained its photoluminescent properties both after
being immersed in deionized water for 360 h and being exposed
to blue light in air for 132 h. And it also showed excellent
stability under high temperatures. When operating under large
driving currents, only an extremely low decrease in the light
conversion efficiency (LCE) was appeared to QDs-glass.
Besides, the investigation of optical performance of QDs-glass
converted white light-emitting diodes (QGWLEDs) demon-
strated its remarkable performance in white-light illumination.

2. Experimental section

2.1. Materials

MPTMS and APTES were purchased from Aladdin Indus-
trials Corporation. Red light-emitting CdSe/ZnS QDs with a
peak wavelength of 632 nm and MPTES as surface ligand
were provided by Suzhou Xingshuo Nanotech CO., Ltd.
Yellow light-emitting YAG: Ce phosphor with a peak
wavelength of 538 nm were provided by Intematix. Two-
component silicone was purchased from Dow Corning
(SYLGARD 184). High power blue LED modules with a
peak wavelength of 450 nm were provided by SkyBright.

2.2. Fabrication of QDs-glass and QDs-silicone

Figure 1 shows the fabrication process of QDs-glass. We
fabricated the QDs-glass using sol-gel method. In brief, the Si
—OR1 (R1 represents CH,CH; or CH3) in the precursors
(APTES, MPTMS and MPTES) reacts with each other to form
Si—O—Si and produces small molecules (methanol and etha-
nol). The produced small molecules will occupy a volume in
the SiO, network. During the condensation process of the
network, the small molecules volatilize and leave pores in the
matrix of QDs-glass [28]. The rate of the reaction depends on
the PH value of the mixed solution of APTES, MPTMS and
QDs. And the pH value of the solution can be controlled by
changing the volume ratio of MPTMS to APTES due to the
acidity of MPTMS and the alkalinity of APTES. MPTES is
utilized as the surface ligands of CdSe/ZnS QDs for following
reasons: (1) thiol in MPTES shows strong binding with ZnS
shell, (2) ethoxy in MPTES could connect QDs into SiO,
network to improve their monodispersity in the silica glass
matrix. Considering the similarity to MPTES, MPTMS is also
available for the surface ligands. First, 1 ml of MPTMS,
0.15 ml of APTES, and 30 ul of QDs-chloroform solution
(10 mg ml~") were mixed and magnetic stirred under 350 rpm
at 40%—-50% relative humidity (RH) for 3.5h in air. At this
point, most of the short-chain precursors have been cross-
linked into a network. Then, the mixture was vacuum-treated to
remove most of the small molecules produced by the hydro-
lysis reaction of precursors. Finally, the mixture was poured
into a Teflon mold with size of 15 mm X 15 mm X 1 mm,
and cured for 24h in air. For QDs-silicone film, 30 ul
QDs-chloroform solution and 1.1 g silicone were mixed fol-
lowed by a vacuum treatment. After that, the mixture was
poured into a mold and thermally cured for 5 min at 85 °C.

2.8. Preparation of QGWLEDs

QGWLEDs were prepared in a remote-packaging structure, as
shown in figure 2. By utilizing the remote encapsulation
structure with QDs-glass on the top layer, the QDs are pro-
tected from the high temperature of the chip. First, 0.08 g
phosphor were mixed with 1 g silicone followed by a vacuum
treatment. Then, the mixture was poured into a blue LED
module and cured at 85 °C for 5 min. Finally, QDs-glass was
fixed onto the top of the phosphor-filled LED module to
prepared the QGWLEDs.
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Figure 1. Schematic of the fabrication process of QDs-glass.

2.4. Characterizations

X-ray diffraction (XRD) patterns were collected by a Brucker
D8 Advance x-ray diffractometer. Scanning electron micro-
scope (SEM) images and energy-dispersive spectroscopy
(EDS) mapping of QDs-glass were measured by a Nova
NanoSEM 450, FEI with accelerating voltage of 15 kV. The
photoluminescence (PL) spectra were measured by a Quan-
taMaster 8000 from a xenon lamp at an excitation wavelength
of 450 nm. To verify the sol-gel reaction of QDs-glass,
Fourier transform infrared spectroscopy (FTIR) images of the
samples were measured by a Thermo Nicolet iS50. The tex-
tural properties were analyzed through N, adsorption and
desorption isotherms measured by an ASAP 2020 Acceler-
ated Surface Area and Porosimetry System. The absolute
photoluminescence quantum yields (PLQY) were measured
by a Hamamatsu Quantaurus-QY from a xenon lamp at an
excitation wavelength of 450 nm. The spectra of the QDs-
glass and QDs-silicone, excited by a blue light-emitting chip
with a peak wavelength of 450 nm and the optical properties
of QGWLEDs were tested by an Everfine ATA-1000 Inte-
grating Sphere.

3. Results and discussion

3.1. Characteristics

The crystal structures of the CdSe/ZnS QDs were investi-
gated by XRD as shown in figure 3. The clear diffraction
peaks of the QDs can be assigned to cadmoselite CdSe
(JCPDS PDF#08-0459) and sphalerite ZnS (JCPSD
PDF+#05-0566). The diffractions peaks of QDs shifted to
higher 26 angles compared with the PDF card of cadmoselite
CdSe and sphalerite ZnS, which was induced from the
compressive strain of CdSe core by ZnS shell. Figure 4(a)
displays the SEM image of the QDs-glass and the corresp-
onding EDS mapping images. The SEM image demonstrates
that there is no crack in QDs-glass. The distribution of Si and

framework

QDs-glass
LED chip air
phosphor-silicone
heat sink
Figure 2. Schematic of the QGWLEDs.
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Figure 3. XRD patterns of CdSe/ZnS QDs.

Cd elements were clearly showed, confirming the homo-
genous SiO, network and the uniform distribution of QDs in
the silica glass matrix, respectively. Figures 4(b) and (c)
illustrates the PL spectra of the pristine QDs (QDs-chloroform
solution) and QDs-glass. Compared with the pristine QDs, the
QDs-glass displays no difference of the peak wavelength, and
the full width at half maximum (FWHM) of the QDs-glass is
2 nm narrower. In QDs-glass, the SiO, layer formed on the
surface of QDs could passivated their defect states, thus
decreasing the FWHM [35, 36]. This indicates that the
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Figure 4. (a) SEM images and the corresponding EDS mapping images of the QDs-glass. Relative PL spectra of (b) pristine QDs and (c)

QDs-glass, respectively.

fabrication of QDs-glass has little effect on the photo-
luminescent performance of the QDs. Figure 5 shows the
FTIR spectra of APTES, MPTMS, and silica glass. APTES
with amino and MPTMS with thiol could be verified by their
unique characteristic peaks of N—H bond at 3374 cm ™' and S
—H bond at 2564 cm ™, respectively. Through comparison to
the precursors, the different variations of C—H bond char-
acteristic peaks of methyl (CH;) and methylene (CH,) in
QDs-glass could verify the cross-linked reaction between
APTES and MPTMS. In detail, there exist absorption peaks at
2973 cm ' and 2883 cm !, representing the CH, and CH; of
the Si—OCH,CHj; in APTES, respectively. The absorption
peak at 2839 cm™ ' represents the CHj of the Si—OCHj in
MPTMS. After reaction, the FTIR spectra of silica glass still
has the absorption peaks at 2926 cm ™' due to the CH, of the
reserved aminopropyl (—(CH,);NH,) in APTES and mer-
captopropyl (—(CH,)3SH) in MPTMS. Whereas the absorp-
tion peak of CHj in silica glass disappeared because of the
hydrolytic condensation of ethyoxyl and methoxyl, which
proves that APTES and MPTMS have reacted thoroughly and
cross-linked to form the dense silica network (Si—O—Si), as
illustrated in figure 1.

Figure 6(a) shows the schematic of the cross-linked
network of QDs-glass and QDs-silicone. Different from sili-
cone where long chains of molecules are cross-linked into a
network, the network of silica glass formed by APTES and

o 12883 \lw
S 2973, |
Na? ' |
e ; [MPTMS J
= i S0
g 2839 1165 .
2 c-0
g N-H S-H 1074
= 3351 2564
B, 2926
e 51’;;9(; Cc-0
. 11000
4000 3000 2000 1000

Wavenumber (cm™)

Figure 5. FTIR spectra of APTES, MPTMS, and silica glass.

MPTMS in a highly crossed way is much denser. Theoreti-
cally, QDs-glass can efficiently prevent water and oxygen
from penetrating into QDs. The textural properties of the as-
prepared silica glass and the silicone were investigated by the
N, adsorption and desorption method at a bath temperature of
77 K. Specific surface area (A;) was calculated by the Bru-
nauer—-Emmett-Teller method. Cumulative pore volume (V,),
average pore width (W,), and pore width distribution (PWD)
were deducted based on the Barrett—Joyner—Halenda method.
Table 1 lists the textural properties of the two aforementioned
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Figure 6. (a) Cross-linked network of QDs-glass and QDs-silicone.
(b) PWD of silica glass and silicone.

samples. The average pore width of silica glass is 2.7 nm,
which is smaller than 4.4 nm of silicone. In addition, silica
glass shows 41.8% lower A and 68.6% lower V. than those of
silicone. Furthermore, their significantly different PWD are
shown in figure 6(b). It is seen that the pore width of the
silicone ranges from 2 nm to 60 nm and shows a much higher
pore volume in each width than silica glass. Besides, the
range of pore width of silica glass is limited to 1.7-8 nm. The
comparison of the textural properties has demonstrated that
QDs-glass owns a denser cross-linked network than QDs-
silicone, which means that QDs-glass would show a better
performance to resist water and oxygen molecules.

3.2. Water stability of QDs-glass and water/oxygen erosion
process

As shown in figure 7(a), QDs-glass and QDs-silicone were
immersed in deionized water for 360 h to investigate their
water stability. Their photoluminescent properties after dif-
ferent immersed time were tested by placing the sample films
over a 100 mA current-driven blue light-emitting LED
module, as shown in figure 7(b). Figure 7(c) displays the
photographs of QDs-glass and QDs-silicone under daylight.
QDs-glass shows luster of glass, no crack, and a flat surface.
According to the photographs under UV light in figure 7(c),
after 360 h of water immersion, QDs-silicone was badly
darkened under UV light, but QDs-glass was as bright as
before, owing to its denser structure. As the immersed time
increased, the relative red-light peak intensity of QDs-glass
reached its maximum value at 96 h, which was 111.0% of the
initial, and then dropped to 106.0% at 360 h, as shown in

Table 1. Textural properties of silica glass and silicone.

Samples W, (nm) A, (m? g’l) V, (cm® g’l)
Silica glass 2.7 381 x 107" 083 x107*
Silicone 44 6.55 x 107" 2.64 x 107*

figure 8(a). For QDs-silicone, the relative red-light peak
intensity continuously dropped during the whole immersion,
and finally reduced to 24.7% of the initial intensity. With
regards to the red-light power of QDs-glass, defined as the
integral of intensity at each red-light emissive wavelength, it
almost maintained the same as the red-light peak intensity.
However, the red-light power of QDs-silicone kept dropping
with a slower speed than its peak intensity and was 41.0% of
the initial at 360 h. Besides, the absolute photoluminescence
quantum yields (PLQY) of the two samples before and after
the water immersion were illustrated in figure 8(b). The initial
PLQY of QDs-glass and QDs-silicone are similar, which
demonstrates that the fabrication process of QDs-glass barely
harmed the QDs. After the immersion, the PLQY of QDs-
glass increased by 6.6% while that of QDs-silicone decreased
by 15.0%.

It can be concluded from the above results that, the
variation of the red-light peak intensity, the red-light power,
and the absolute PLQY of QDs-silicone differed a lot between
each other but that of QDs-glass stayed similar, as listed in
table 2. Detailed discussions on this issue are as follows. The
absolute PLQY is defined as the ratio of emitted photon
number to absorbed photon number. Thus, the increase or
decrease of the PLQY reveals the gain or loss of the emitted
photon number on the same absorbed photon number con-
dition during the light conversion process. According to
figure 8(b), the emitted red-light photon number of QDs-glass
was added by 6.6% while that of QDs-silicone was lost by
15.0%. In addition, as shown in figures 8(c) and (d), the
spectra of QDs-glass barely changed, but QDs-silicone faced
about 60% drop in intensity, 17 nm broadening in FWHM,
and 15 nm redshift in peak wavelength. The broadened
FWHM reveals a wider range of emissive wavelengths, which
means that the proportion of red-light peak intensity in red-
light power was reduced. This explains why the red-light
power of QDs-silicone decreased less than the red-light peak
intensity. On the other hand, the significant redshift in the
spectra of QDs-silicone brought large Stokes energy loss
which sharply declined the energy of the red-light photon.
Due to the decrease of emitted red-light photon number, the
broadened FWHM, and the Stokes energy loss of redshifted
photon, the red-light peak intensity of QDs-silicone severely
dropped. For QDs-glass, there are no changes of FWHM and
peak wavelength in the spectra, but only the increased emitted
red-light photon number. In other words, the variation of
emitted red-light photon number of QDs-glass decides the
red-light peak intensity and the red-light power which both
increased by 6%, the same as the enhancement of PLQY.

The underlying mechanisms of above-mentioned photo-
luminescence phenomena are as follows. The enhancement
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glass and (d) QDs-silicone after different immersed time under a driving current of 100 mA, respectively.

Table 2. Variation of the red-light peak intensity, red-light power,

and PLQY of QDs-glass and QDs-silicone.

Red-light peak Red-light
Samples intensity power PLQY
QDs-glass +6.0% +6.7% +6.6%
QDs-silicone —75.3% —59.0% —15.0%

and deterioration of the photoluminescent properties of the
two films were attributed to the diverse structural changes of
QDs, after interacting with water and oxygen. QDs consist of
core materials, shell materials, and surface ligands, as shown
in figure 9(a). The radiative recombination produces photons,
and the non-radiative recombination caused by defect states
(DS) produces phonons. These two processes reveal the
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Figure 9. Schematic of (a) quantum dots, (b) the photoactivation process, and (c) oxidation and corrosion process.

photoluminescence and quenching mechanism of QDs [37].
Besides, there is also defect states emission (DS emission)
which emits photons with lower energy, causing a broadening
in FWHM and a redshift in emissive spectra [18, 38—40].

As shown in figure 9(b), for QDs-glass, after 96 h of
water immersion, their photoluminescence was enhanced,
which is known as photoactivation. When exposed to
moisture, the defect states can physically absorb H,O and
chemically absorb O, to form the passivated defect states (DS
passivation). The DS passivation can repopulate the electrons
from defect states to the conduction band of the QDs, thus
increasing the radiative recombination [14, 41, 42]. The drop
in the photoluminescence of QDs-glass (96-360 h) and QDs-
silicone (0-360 h) is caused by the oxidation and corrosion
from H,O and O,, as shown in figure 9(c). Water and oxygen
molecules eroded the surface of QDs, thus leading to ligand
detachment and shell oxidization. The detachment of surface
ligand and the oxidation of the QDs induced new defect
states, and brought numerous non-radiative recombination
which severely damaged the photoluminescent properties
of QDs.

The differences in matrix network density between QDs-
glass and QDs-silicone led to the disparity of their photo-
luminescent properties after the water immersion. Owing to
the dense network of QDs-glass, the concentration of water
and oxygen around the QDs in the matrix was relatively low,
which led to minor interactions between QDs and water and
oxygen molecules. Thus, the photoactivation process could be
maintained for a long period of 96 h in the water immersion of
QDs-glass. At the same time, the oxidation and corrosion
effect on the QDs was so weak that the defect states were
formed extremely slowly. As a result, the intensity of the QDs
after the immersion was still higher than the initial. However,
due to the loose network of QDs-silicone, water and oxygen
rapidly intruded into the matrix and violently reacted with
QDs producing a large number of defect states. The numerous

defect states, accompanied by lots of surface DS emission,
significantly weakened the photoluminescent properties of
QDs with a broadened FWHM and redshifted peak wave-
length, as illustrated in figure 8(d). In addition, it is worth
mentioning that the photoactivation process of the QDs-sili-
cone was not able to be monitored, because the degradation
from a huge number of defect states was so strong to cover up
the enhancement from the DS passivation.

3.3. Photostability and thermal stability of QDs-glass

The photostability of the QDs-glass and QDs-silicone were
tested by exposing the samples to a 0.3 W blue LED chip in
air. The photoluminescent properties of the samples were
tested every 12 h under a driving current of 60 mA. The red-
light peak intensity of QDs-glass increased during the first
12 h and achieved its maximum of 109.1% of the initial
intensity, and then dropped to 87.3% at 132 h as shown in
figure 10(a). However, the red-light peak intensity of QDs-
silicone continuously dropped during the whole test and end
up with an intensity of 19.8% of the initial. When exposed to
blue light in air, the water and oxygen molecules in air can
erode the QDs and bring structural changes, which produces
defect states and results in the variation in photoluminescent
properties. This phenomenon is similar to that of the samples
in water immersion. The photo-aging QDs-glass showed a
photoactivation during the initial period of time (0—12 h) and
then went through a corrosion and oxidation (12—132 h) when
exposed to blue light. And for QDs-silicone, corrosion and
oxidation of the QDs dominated the whole photo-aging test
(0-132 h). The difference between water immersion process
and blue-light exposure process is that because of the illu-
mination of blue light, the erosion of water and oxygen to
QDs was accelerated. Therefore, the photoluminescent prop-
erties of QDs varied more rapidly both in QDs-glass and
QDs-silicone. Thanks to the denser structure to resist the
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water and oxygen molecules, the QDs-glass showed superior
photostability than QDs-silicone under the blue light.

The thermal stability of the QDs-glass was also investi-
gated. QDs-glass was thermal treated in an oven under

different temperature of 100 °C, 120 °C, 140 °C and 160 °C
for 0.5 h. Then the sample was cooled in air for another 0.5 h.
Finally, the red-light peak intensity of thermal-treated QDs-
glass was tested under a driving current of 60 mA.
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Figure 10(b) illustrates the relative red-light peak intensity of
QDs-glass under different temperature of thermal treatment.
As the temperature increased, the red-light peak intensity of
QDs-glass dropped. This is because high temperature can
bring structural changes to QDs and generated defect states,
which severely damages the photoluminescent properties of
QDs [43]. For QDs-glass, its intensity remained 89.4%,
73.9%, 67.5% and 62.3% under 100 °C, 120 °C, 140 °C and
160 °C of that under 20 °C respectively, showing an out-
standing stability against the high temperature.

3.4. High-power stability of QDs-glass

Optical performance under increasing driving currents from
20 mA to 1000 mA were also investigated. Figures 11(a) and
(b) display the emissive spectra of QDs-glass and QDs-sili-
cone under increasing driving currents, respectively. The
intensity of QDs-glass increased almost linearly with the
increasing driving currents, but the increased magnitude of
the intensity of QDs-silicone decreased sharply, as shown in
figure 11(c). LCE is the ratio of the emitted red-light power to
the absorbed blue-light power by QDs, as shown in
figure 11(d). As the driving currents increased, the LCE of
QDs-glass only showed a small decrease of 9.5% but that of
QDs-silicone sharply decreased by 51.3%. This discrepancy
was mainly due to the different dispersion of QDs in silicone
and silica glass. The MPTES ligands of QDs have a highly
similar chemical composition to the glass matrix formed by

APTES and MPTMS. It has been proved that the similarity
between capped ligands of QDs and matrix polymers can
effectively avoid the attraction and agglomeration among the
nanoparticles, improving the dispersion of the particles within
the matrix [44, 45]. Therefore, as the driving currents
increased, the LCE of QDs-glass showed ultrahigh stability.
The silicone matrix contains polymer chains with high
molecular weight, for example, polydimethylsiloxane. And
the common capped ligands of QDs such as oleic acid and the
MPTES in this work both show a significant chemical dif-
ference to the silicone matrix. In this situation, the QDs are
more inclined to aggregate [46]. On this basis, under the
increasing driving currents, the optical density is raised fol-
lowed by an extremely increased probability that the QDs
reabsorbed light. As a result, the LCE of QDs-silicone
decreased severely due to the strongly enhanced reabsorption
effect.

3.5. Optical performance of QGWLEDs

Figure 12(a) provides the photographs of QGWLEDs under
daylight, under UV light, and with illumination. QDs-glass
is fixed on the top of a blue LED module. The luminous
QGWLEDs emits high-quality white light and its spectra is
shown in figure 12(b). Under a driving current of 60 mA,
QGWLEDs shows high Iluminous efficiency (LE) of
126. 5 Im W™, correlated color temperature of 4243 K, and
high color rendering index (CRI) of 95.4, indicating its
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superior optical performance. Figure 12(c) illustrates LE
and CRI variation under increasing driving currents from
60 to 1000 mA. The LE dropped with the increasing
driving currents, but the CRI of QGWLEDs remained
stable which revealed the consistent color rendering ability
under various lighting conditions. The above discussion
demonstrated that QGWLEDs owned remarkable perfor-
mance in high quality white-light illumination.

4. Conclusion

Oxidation corrosion from water and oxygen will cause the pho-
toluminescent degradation of QDs and the lifetime shrinks of
QDs-converted luminescent devices. To protect QDs from the
erosion of water and oxygen, we proposed a new protection
strategy by crosslinking short-chain silica precursors to achieve a
surface buffer layer outside QDs. And the crack-free QDs-glass
was fabricated by utilizing MPTMS, APTES, and QDs capped
with MPTES as the surface ligand without any catalysts. The
uniform QDs-glass was proved to have the densely cross-linked
network with small pore width of 2.7 nm and low pore volume of
0.83 x 10* cm® g~'. Owing to the dense structure, the photo-
luminescent intensity and spectra of QDs-glass were able to be
nearly maintained after being immersed in deionized water for
360 h. In a contrast, QDs-silicone with poor water resistance
showed a decrease of 75.3% in red-light peak intensity, 17 nm
broadening in FWHM, and 15 nm redshift in peak wavelength.
The dense structure also contributed to the stable performance of
QDs-glass when it was exposed to blue light for 132 h. In red-
light peak intensity, QDs-glass remained 87.3% of the initial
intensity while that of QDs-silicone decreased to 19.8%. And
after several thermal treatments of different temperatures, QDs-
glass shows an excellent stability. In addition, due to the high
dispersity of QDs in silica glass, the LCE of QDs-glass only
decreased by 9.5% with the increasing driving currents but 51.3%
for QDs-silicone. The prepared QGWLEDs showed a high LE of
126.5 Im W' and a high CRI of 95 4, indicating its remarkable
performance in high quality white-light illumination. The dense
network and high dispersity of QDs-glass have enhanced the
stability of QDs towards moisture and high-power excitation
which furtherly promotes the wider application of QDs devices.
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