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Although quantum dots (QDs) have a high quantum yield
close to one in a solution, they exhibit low conversion effi-
ciency in a solidification polymer matrix, which hampers
the development of QD-based light-emitting diodes (LEDs)
with high stability and optical performance. In this study,
we proposed a methyl-terminated-polydimethylsiloxane-
(PDMS)-based liquid-type packaging structure (LPS) to im-
prove stability and optical performance of QD-based LEDs.
Compared with the traditional ethylene-terminated-PDMS-
based solid-type packaging structure, the LPS with an opti-
mized kinematic viscosity of 10000 m2∕s can provide higher
stability and optical performances for QD-based LEDs, includ-
ing total radiant power and luminous flux. Consequently, the
proposed effective and simple strategy has great potential for
illumination and display applications. © 2018 Optical Society
of America

https://doi.org/10.1364/OL.44.000090

Quantum dots (QDs) have become one of the most promising
color-conversion materials in light-emitting diodes (LEDs)
owing to their high quantum yield (QY) and simple fabrication
[1]. They have great potential for replacement of the conven-
tional rare-earth-based phosphor (REP) materials [2]. Although
their QY has improved over 90% [1], CdSe/ZnS QDs [3] still
cannot achieve a radiant efficacy (luminous efficacy) compa-
rable with that of REP when used in LEDs [4]. In addition
to the aggregation and reabsorption issues, when QDs are con-
centrated in large quantities [5,6], another significant challenge
is that the QDs can be destroyed during the matrix exchange
processes [7,8]. In general, QDs were synthetized in solutions
including water, organic solvent, and paraffin, which is chal-
lenging to use directly in LED packaging [9]. Therefore,
QDs need to be redispersed in a silicone-based encapsulant
and then packaged with LEDs [10]. During the matrix
exchange and curing processes, the polymer chain can interact

with QDs through chemical force and can even be replaced
with their ligands [11], which may destroy QD structure.
Therefore, the QY of QDs in a solidification polymer matrix
is still significantly lower than that in a solution [8]. In order to
overcome the low efficiency of QDs in the solid state, Kuo et al.
[12] have sealed a QD solution in a glass box and then
assembled it on LEDs, achieving a significantly high luminous
efficacy owing to the presence of QDs in the liquid state.
However, the solution used for QDs is toxic and volatile,
and requires more complex packaging processes. Consequently,
it is desired to develop other environment-friendly and stable
liquid matrices for QDs packaged in LEDs.

Polydimethylsiloxane (PDMS) is a highly transparent
material with high thermal and optical stabilities [13] and great
potential for applications in liquid-type packaging of QD-based
LEDs. In this study, we proposed a methyl-terminated-PDMS-
(mt-PDMS)-based liquid-type packaging structure (LPS) to
improve the stability and optical performance of QD-based
LEDs. The kinematic viscosity of the mt-PDMS was optimized
to improve stability and prevent QD sedimentation. Finally,
the optical performances, including radiant power, luminous
flux, and spectra of QD-based LEDs with LPS, were com-
pared with those of QD-based LEDs with the conventional
ethylene-terminated-PDMS-(et-PDMS)-based solid-type pack-
aging structure (SPS).

Oil-soluble green CdSe/ZnS QDs with a core/shell structure
were purchased from China Beijing Beida Jubang Science and
Technology Co., Ltd. (QY: 90%, emission peak: 520 nm). The
mt-PDMS with a kinematic viscosity in the range of 50 m2∕s
to 10000 m2∕s, and et-PDMS including a curing agent with a
kinematic viscosity of 3500 m2∕s were purchased from Dow
Corning; both of them were transparent, almost without ab-
sorption of visible light. A chloroform solution was purchased
from Aladdin Reagents. Blue-LED devices were purchased
from Foshan NationStar Optoelectronics Co. Ltd. (emission
wavelength centered at 455 nm), shown in Fig. 1(b). QD/
PDMS composites were fabricated based on the evaporation
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method [14]. First, QDs were added into 1.5 mL of the chloro-
form solution. The mass of QDs was adjusted to determine
their concentration in the PDMS matrix; 2.0 g of PDMS were
then added into the QD solution and stirred for 50 min in a
planetary-type stirring machine with evacuation. This process
was aimed to uniformly disperse QDs in the PDMS matrix by
evaporating the chloroform solution. After this step, the QD/
PDMS composites were directly filled in the blue-LED devices
through an injection hole, as shown in Fig. 1(a). Finally, these
devices were placed in an oven and cured at a temperature of
125°C for 30 min. Although the mt-PDMS could not undergo
the cross-linked reaction, the LEDs with the LPS should also be
heated at the same conditions as those of the LEDs with SPS to
avoid the influence of thermal aging in the comparison. The
injection current for all of the LEDs was 200 mA (electrical
injection power of 0.66 W), provided by a Keithley source.
The fabricated LEDs with LPS, without and with injection
current, are shown in Figs. 1(c) and 1(d), respectively.

One of the advantages of et-PDMS is that the fixed silicone
network can prevent QD sedimentation in LEDs. However,
the polymer chain of mt-PDMS is flexible, which allows a
certain QD movement, leading to sedimentation. Therefore,
we optimized the kinematic viscosity of mt-PDMS according
to an aging test (environmental temperature of 25°C, without
injection current). The LEDs with the LPS and SPS had the
same QD concentration of 0.6 wt. % in the aging test.
Figures 2(a)–2(e) show the total radiant power, radiant power
of the chip light (light emission from an LED chip with wave-
length from 400 nm to 500 nm), radiant power of the QD light
(light emission from the QDs with wavelength from 500 nm to
600 nm), luminous flux, and QD light proportion (ratio of the
QD–light radiant power to the total light radiant power) of the
QD-based LEDs, respectively. Figure 2(a) shows that a smaller
kinematic viscosity of mt-PDMS is beneficial to increase
the total radiant power with the increase of aging time.
Figures 2(b) and 2(c) show that this increment is due mainly
to the enhancement in radiant power of the chip light. A rea-
sonable explanation is that QDs can more easily settle in mt-
PDMS with a lower kinematic viscosity during aging processes.
These settled QDs at the bottom of the LEDs were challenging
to excite by the chip light; the QD concentration above the
LED chip decreased, leading to less color-conversion events.
Consequently, significantly more chip light can directly escape
from the LEDs without undergoing absorption by the QDs,
decreasing conversion loss. As shown in Fig. 3, the spectra
of the LEDs with mt-PDMS (50 m2∕s and 10000 m2∕s) were
used to verify these explanations. When the mt-PDMS with a
kinematic viscosity of 50 m2∕s was used, a blue shift in the

spectral range of 500 nm to 600 nm (QD emission wavelength)
was observed with the increase of aging time. This indicates a
reduction of the number of reabsorption events with the in-
crease of aging time, owing to the lower QD concentration
above the LED chip attributed to sedimentation processes
[4]; the higher luminous flux and radiant power of QD light
when using 50 m2∕s viscosity, as shown in Figs. 2(c) and 2(d),
respectively, can also support this explanation. Although the
intensity in the spectral range of 500 nm to 600 nm also de-
creases with the increase of aging time for the LEDs with
mt-PDMS with a kinematic viscosity of 10000 m2∕s, almost

Fig. 1. (a) Diagram of the QD-based LEDs; (b) images of blue-
LED devices before the injection of QD/PDMS composites, and
QD-based LEDs with the LPS under injection currents of
(c) 0 mA and (d) 200 mA.

Fig. 2. (a) Total radiant power, (b) radiant power of the chip light,
(c) radiant power of the QD light, (d) luminous flux, and (e) QD light
proportion of the LEDs with the LPS and SPS after aging at 0 mA for
different times. (f ) Luminous flux maintenance of LEDs with the op-
timized 10000 m2∕s LPS and SPS after aging at 200 mA for different
times; the inserted quantum yields (QYs) of QDs in LPS and SPS are
absolute values measured by the steady state and transient state fluo-
rescence spectrometer (FLS980, Edinburgh Instruments). All the test
current is 200 mA.

Fig. 3. Emission spectra of LEDs using mt-PDMS with kinematic
viscosities of 50 m2∕s and 10000 m2∕s after aging for different times.
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no shift was observed. This implies that the concentration of
QDs above the LED chip does not change after aging.
Therefore, the QD sedimentation can be neglected in
mt-PDMS when its kinematic viscosity is sufficiently high
(10000 m2∕s). In addition, it is worth noting that significantly
more aggregated QD particles at the bottom of the QD/mt-
PDMS (10000 m2∕s) composites can be observed after the
stirring processes (inset of Fig. 3), as a high kinematic viscosity
is not beneficial to fully disperse QDs [7]. The significantly
larger number of aggregated QD particles settled at the bottom
can lead to a lower QD concentration in the LEDs; therefore,
the LED with mt-PDMS with a kinematic viscosity of
10000 m2∕s has a higher spectral intensity of the chip light
wavelength.

As shown in Figs. 2(d) and 2(e), QD sedimentation can
simultaneously lead to lower luminous flux and QD light pro-
portion. When the mt-PDMS with a low kinematic viscosity of
50 m2∕s was used, the luminous flux and QD light proportion
decreased by 30% and 55% after aging for 100 h, respectively,
reducing the light stability of the QD-based LED. It is worth
noting that the reduction in luminous flux and QD light pro-
portion when the mt-PDMS with a high kinematic viscosity of
10000 m2∕s was used can be even smaller than that for the case
of using the et-PDMS after aging. After aging for 100 h, the
luminous flux and QD light proportion for the sample with
mt-PDMS with a kinematic viscosity of 10000 m2∕s decreased
only by 10% and 3%, respectively, while for the LEDs with
et-PDMS, they decreased by 15% and 10%, respectively. In
general, the oxidation in the QDs induced by environmental
moisture is the main factor responsible for degradation of QD-
based LEDs. The higher stability of LEDs with LPS indicates
that the mt-PDMS can provide a better environment to prevent
moisture oxidation of the QDs. This can be explained as fol-
lows. At the curing processes of et-PDMS, et-PDMS with a
C=C bond is linked to the curing agent with a Si–H bond
through a hydrosilylation reaction. Simultaneously, the oleic
acid ligands with C=C bonds on the surfaces of QDs can also
link to the cross-linked network of et-PDMS through hydro-
silylation reactions [7,15], as shown in Fig. 4(c). Moreover, the
QDs have a large amount of oleic acid ligands on their surfaces.
These ligands are competitive to interact with different cross-
linked networks of et-PDMS, as shown in Fig. 4(d). As the
bonding force of C–Si between the ligand and network is
stronger than that of Zn–O between the ligand and QD, these
ligands have a higher probability to be removed from QDs
under the stretching by different et-PDMS networks with a
relatively high rigidity, as shown in Fig. 4(e).

Consequently, a large amount of ligands can be removed from
QDs after the curing process of et-PDMS, generating signifi-
cantly more defects on the surfaces of the QDs, as shown in
Fig. 4(b). However, the ligands on the QDs do not interact with
mt-PDMS; there is no force to stretch them, providing a more
flexible environment, as illustrated in Fig. 4(a). The moisture can
reach the CdSe core through the surface defects of the QDs [13],
which well explains the result that LEDs with SPS exhibit lower
stability than that of LEDs with LPS. As shown in Fig. 2(f), the
fewer surface defects of QDs in LPS can be further supported by
the higher QY compared with QDs in SPS, leading to a higher
luminous flux maintenance in a harsh condition [13] by
suppressing thermal quenching [16].

The fewer surface defects of QDs is also beneficial to
decrease non-radiant combinations [3], which may increase
the light efficiency of LEDs. To further support the above ex-
planation, the initial optical performances (before aging) of QD-
based LEDs using the 10000 m2∕s mt-PDMS and et-PDMS
were compared at different QD concentrations, as shown in
Fig. 5. Figure 5(a) shows their total radiant powers and lumi-
nous fluxes; both of them for LPS are significantly higher than
those for the SPS at different QD concentrations. A larger incre-
ment can be observed at higher concentrations; the total radiant
power and luminous flux are increased by 52.6% and 41.4%,
respectively, at a QD concentration of 0.8 wt. %.

The larger amount of QDs in et-PDMS implies that signifi-
cantly more ligands are removed from their surfaces, generating
a larger loss from non-radiant combinations. Figure 5(b) shows
their radiant powers of the chip and QD lights. The LEDs with
LPS exhibit higher radiant power of the chip light, indicating
that the QDs in mt-PDMS have lower absorption ability with
respect to the chip light. As mentioned above, this can be ex-
plained as mt-PDMS has a kinematic viscosity higher than that
of et-PDMS, causing a significantly larger sedimentation at the
bottom of the QD/mt-PDMS composites after stirring.
However, the LEDs with LPS exhibit higher radiant power
of QD light, though their QDs absorb less chip light. This
demonstrates that the QDs have higher conversion efficiency
in mt-PDMS, generating significantly more QD light. The
QD light proportion determines the output color mixing by
QD and chip lights; it is common to compare the optical per-
formances among different LEDs at the same QD light propor-
tion, as shown in Fig. 5(c). The LEDs with LPS also exhibit
higher total radiant power and luminous flux, particularly at a
higher QD light proportion; compared at the similar QD light
proportion of 80% (the correlated color temperature values for
LEDs with LPS and SPS are 7266 K and 7349 K, respectively),
the total radiant power and luminous flux obtained using mt-
PDMS can increase by 23.2% and 26.1%, respectively. These
enhancements indicate that LEDs using LPS have great poten-
tial in illumination and display applications.

The emission spectra of LEDs with LPS and SPS are shown
in Figs. 6(a) and 6(b), respectively. Red shift and expansion can
be observed in the spectra with the increase of QD concentra-
tion, caused by the reabsorption and aggregation of QDs [17].
Their FWHM values and peak wavelengths are summarized in
Fig. 6(c), which are approximately equal at different QD light
proportions. This further supports the result that the large im-
provement in the optical performance obtained by LPS is
attributed to reduction in the number of surface defects instead
of reductions in reabsorption and aggregation.

Fig. 4. Diagram of QDs dispersed in (a) mt-PDMS and (b) et-
PDMS. (c)–(e) Ligand movements away from QDs during curing
processes.
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In summary, we investigated the stabilities and optical perfor-
mances of QD-based LEDs with LPS. Compared with tradi-
tional SPS, the proposed LPS using mt-PDMS with an
optimized kinematic viscosity of 10000 m2∕s was beneficial
to obtain better stabilities and optical performances of QD-based
LEDs. The reductions in luminous flux and QD light propor-
tion caused by LPS were only 10% and 3% after aging for 100 h,
while for SPS, they were 15% and 10%, respectively. Moreover,
the initial total radiant power and luminous flux for the samples
with LPS were increased by 23.2% and 26.1%, respectively,
compared with those obtained by SPS at the same QD light pro-
portion of 80%. These results indicate that mt-PDMS can pro-
vide a more flexible environment to disperse QDs, preventing
ligands’ removal from the QDs’ surfaces and decreasing the
number of surface defects, which is helpful to reduce oxidation
and non-radiant combinations. Consequently, the proposed
mt-PDMS-based LPS can be an effective and simple structure
to improve the performances of QD-based LEDs, with great
potential in illumination and display applications.
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Fig. 5. (a) Total radiant power and luminous flux, (b) radiant powers of the chip and QD lights, and (c) QD light proportion of the LEDs with
the LPS and SPS at different QD concentrations and total radiant power and luminous flux of the LEDs with the LPS and SPS at different QD light
proportions.

Fig. 6. Emission spectra of the LEDs with the (a) LPS and (b) SPS and (c) their full-width-at-half-maximum (FWHM) values and peak wave-
lengths at different QD light proportions.
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