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Quantum dots (QDs) can achieve high quantum yields close to unity in liquid solutions, whereas they exhibit a
decreased conversion efficiency after being integrated into solid-state polymer matrices for light-emitting diode
(LED) devices, which is called the host matrix effect. In this study, we propose a solid–liquid hybrid-state
QD-LED to solve this issue. The ethylene-terminated polydimethylsiloxane (ethylene-PDMS) is used to establish
a solid-state cross-linked network, whereas the methyl-terminated PDMS (methyl-PDMS) is used in its liquid
state. From a macroscopic level, the cured solid–liquid hybrid-state PDMS (SLHP) composites reach a solid state,
which is stable and flexible enough to be used in LED devices. Compared with LEDs using conventional QD/solid
PDMS composites at equal color conversion efficiency ranging from 40% to 60%, the luminous flux of LEDs with
QD/SLHP composites is increased by 13.0% using an optimized methyl-PDMS concentration of 85 wt. %.
As a result, high efficiency QD-LEDs using QDs as the only color convertor with luminous efficacy of
89.6 lm/W (0.19 A) were achieved, which show a working stability comparable with that using conventional
solid-state structures at a harsh condition. Consequently, the novel approach shows great potential for achieving
high efficiency and high stability QD-LEDs, which is also compatible with current structures used in illumination
and display applications. © 2018 Chinese Laser Press

https://doi.org/10.1364/PRJ.6.001107

1. INTRODUCTION

Quantum dots (QDs) exhibit high quantum yields (QYs) and
narrow emission spectra and are easy to produce [1]. Thus, they
show great potential for optoelectronic devices requiring
color conversion functions[2,3], such as light-emitting diodes
(LEDs) [4]. Much effort is devoted to improving the QYs of
QDs by optimizing the synthetic methods [5] and band struc-
tures [6]. At present, CdSe/ZnS QDs with core/shell structures
achieve a QY of above 90% [1,7] and have become one of the
most promising color conversion materials to replace conven-
tional rare-earth-based phosphors in LEDs [8,9] for illumina-
tion and display applications. LEDs need packaging processes
[10–12] in which the QDs are sealed in transparent polymer
matrices to protect them from environmental-moisture-
induced oxidation [13]. After the QDs have been fabricated
in oily or water solutions [5,14], they must be transferred to
a polymer matrix before being used in LED packaging to pre-
vent the solution from accelerating the degradation of the LED
chips and other packaging elements, such as the lead frame and
encapsulant [10,15]. However, the conversion efficiency of
large QD quantities in a polymer matrix is far lower than that

in a solution [16] owing to reabsorption loss [17,18], aggrega-
tion-induced quenching [19,20], and improper interactions
with the polymer matrix [21,22], which is also called the
host matrix effect. Thus, the luminous efficacy of QD-LEDs
is much poorer than that of conventional phosphor-based
LEDs [18], thereby suppressing commercial applications of
QD-LEDs.

To improve their optical performance, much effort has
been devoted to the optimization of their polymer matrices
[16,23–27]. For instance, polydimethylsiloxane (PDMS),
which exhibits good flexibility, high transparency, and simple
manufacture, provides good dispersity and compatibility for
oil-soluble QDs and has been widely employed for QD-LED
packaging [13,22,28–32]. Thus far, the luminous efficacy of
LEDs with QD/solid PDMS (SP) composites is still far lower
than that of LEDs with QDs in original solutions [33–35]. The
original liquid-state solution provides a better environment for
dispersed QDs and ensures a high optical LED performance,
which leads to a record performance of 105 lm/W (injection
current of 10 mA) for QD-LEDs using green QDs in the liquid
state as the only color convertor [35]. However, this liquid
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solution also creates an obstacle for LED devices due to
their limitations of unfixed shape, toxicity, volatility, high cor-
rosivity to packaging elements, and ease of leakage. Also, it is
difficult to achieve stable and flexible QD films for backlight
applications [36].

In this paper, we propose a high efficiency solid–liquid
hybrid-state QD-LED. The methyl-terminated PDMS (methyl-
PDMS) and the ethylene-terminated PDMS (ethylene-PDMS)
were combined; owing to the interaction with a curing agent,
the ethylene-PDMS became cross-linked and provided a solid-
state network for the storage of liquid methyl-PDMS. This
novel approach shows great potential for achieving high effi-
ciency and high stability QD-LEDs, which are also compatible
with current structures used in illumination and display
applications.

2. EXPERIMENTS

A. Materials
The oil-soluble green CdSe/ZnS QDs with core/shell structure
were purchased from China Beijing Beida Jubang Science &
Technology Co., Ltd. (QY of 90%, emission peak at 520 nm).
The methyl-PDMS, ethylene-PDMS, and curing agent were
purchased from Dow Corning. The encapsulant M-2815 was
purchased from Shenzhen Jindi Electronic Materials Co., Ltd.;
chloroform solution from Aladdin Reagents Co., Ltd.; and blue
LED devices from Foshan NationStar Optoelectronics Co.,
Ltd. (emission wavelength centered at 455 nm). All chemicals
were used directly without further purification.

B. Fabrication Method
First, QDs were added to a 1.5 mL chloroform solution. The
QD masses ranged from 2 to 16 mg to control the QD con-
centration in the polymer matrix. Then, the methyl-PDMS,
ethylene-PDMS, and curing agent were added to the QD sol-
ution. The total mass of these polymers was kept at 2000 mg,
and the ratio of methyl-PDMS mass to total mass ranged from
0 to 90 wt. %. The mixture was stirred for 50 min in the
planetary stirring machine with vacuum treatment to uniformly
disperse the QDs in the polymer matrix by evaporating the
chloroform solution and removing the bubbles. The resulting
composites were dispensed onto the lead frame of the blue LED

devices; the dispensed mass weighed 3.0 mg. The composite-
filled blue LED devices were heated in an oven at 125°C for
90 min to cure the composites. After that, a spherical lens was
added to each LED device, and the encapsulant was filled inside
the lens to improve light extraction. Finally, the LED devices
were heated in the oven at 120°C for 15 min to cure the
encapsulant.

The fabrication processes of the composites for QD films
were the same as those of the devices. However, the composites
were injected into the mold instead of the device. Similarly, the
composite-injected mold was heated in the oven at 125°C for
90 min. After the heat curing, the composites were removed
from the mold and flexible QD films were obtained.

C. Characterizations
The optical performances of QD-LEDs—including their radi-
ant power, luminous flux, and spectra—were measured with
integrating-sphere systems from Instrument Systems GmbH.
The LED injection current of 0.19 A was controlled by a
Keithley SourceMeter. The optical properties of the films,
including transmittance, reflection, haze, and absorption,
were measured with a dual-beam UV-Vis spectrophotometer
TU-1901 from Beijing Persee General Instrument Co., Ltd.
The infrared transmittance spectra were measured with a
Fourier transform infrared spectrometer from Bruker.

3. PRINCIPLE

A. Realization of Solid–Liquid Hybrid State
Solid-state QD/polymer composites are required to achieve a
high stability for illumination and display applications [33,36].
First, we investigated the maximum concentration of methyl-
PDMS to ensure that the ethylene-PDMS can be entirely cross-
linked to create a network and achieve its solid state after
curing. The QD/SLHP composites with methyl-PDMS con-
centrations of 80 wt. %, 85 wt. %, and 90 wt. % after curing
at 125°C for 90 min are shown in Fig. 1(a) under ultraviolet
irradiation. Please note that the containers were inverted to
conveniently observe the composite fluidity. The composites
gained with methyl-PDMS concentrations below 85 wt. %
are accumulated at the container bottoms. However, those
gained with methyl-PDMS concentrations of 90 wt. % cannot

Fig. 1. (a) SLHP with methyl-PDMS concentrations of 80 wt. %, 85 wt. %, and 90 wt. % after curing at 125°C for 90 min, respectively. (b)–
(c) LED images with QD/SLHP packaging structure (concentrations of QDs and methyl-PDMS are 0.8 and 85 wt. %, respectively) under injection
currents of 0 and 2 mA, respectively. (d)–(e) LED images with QD/SP packaging structure (concentrations of QDs and methyl-PDMS are 0.8 and 0,
respectively) under injection currents of 0 and 2 mA, respectively. Images of (f ) QD/SP film (0.3 wt. % QDs), (g) SP film, (h) QD/SLHP film
(0.3 wt. % QD and 85 wt. % methyl-PDMS), and (i) SLHP film (85 wt. % methyl-PDMS).
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turn into the solid state and flow along the container wall.
Therefore, the maximum methyl-PDMS concentration was
set to 85 wt. % for subsequent investigations. To verify that
ethylene-PDMS can be cross-linked when combined with
methyl-PDMS and that methyl-PDMS can exist in its original
liquid state in cross-linked networks of ethylene-PDMS, the
infrared transmittance spectra of methyl-PDMS, ethylene-
PDMS, cured ethylene-PDMS (SP), and cured composites
of ethylene-PDMS with 15 wt. % of methyl-PDMS [solid–
liquid hybrid-state PDMS (SLHP)] are given in Fig. 2. The
absorption peak at 3080 cm−1 of ethylene-PDMS is due to
the C=C bond located at the terminated ethylene [37]. After
the interaction with the curing agent that includes a polymer
chain with Si–H groups, the ethylene-PDMS is cross-linked
according to the hydrosilylation reaction between Si–H and
C=C bonds. Therefore, the absorption peak of C=C bonds does
not appear for solid PDMS. Regarding SLHP, the absorption
peak of the C=C bonds also does not exist in the infrared trans-
mittance spectra. This clearly demonstrates that the hydrosily-
lation reaction of ethylene-PDMS has been entirely completed
even with added methyl-PDMS. Thereby, solid-state cross-
linked networks can be produced. Moreover, the characteristic
peaks of the SLHP are approximately equal to those of methyl-
PDMS. Consequently, the SLHP contains a great amount of
the original liquid methyl-PDMS in its networks because the
methyl-PDMS did not participate in the reaction and thus pro-
vides a liquid-state environment for the QDs.

B. Effect of Liquid-Type Methyl-PDMS on QDs
The QD-LEDs and films have been fabricated to investigate
the effect of liquid-type methyl-PDMS on QDs. First, LEDs
with the conventional SP packaging structure were used for
comparison. Their samples can be seen in Figs. 1(b)–1(e);
please note that the packaging geometries are equal. According
to previous studies, QDs in liquid solutions where they are
originally synthesized exhibit a higher conversion efficiency
[16,34,35] than those in solid-state polymer matrices. Here,
we found that the liquid-type methyl-PDMS can also contrib-
ute to a high efficiency for QDs. The optical performance of
QD-LEDs with different methyl-PDMS concentrations is
given in Fig. 3. Their total radiant power exhibits approxi-
mately no change, whereas the luminous flux obviously
increases with increasing methyl-PDMS concentration. Thus,
much more QD light (light emission from QDs) is generated
by the QDs, increasing the green-light proportion, which is
more sensitive to the luminosity function of the human eye
[38]. One reasonable explanation is that the introduction of
methyl-PDMS in ethylene-PDMS networks can provide a flex-
ible environment for QDs, thereby preventing the increase of
surface defects.

As the infrared transmittance spectrum of QDs shows in
Fig. 4, the absorption peaks at 1280, 1462, and 1710 cm−1

exhibit the presences of C–O stretch, O–H stretch, and
C=O stretch, respectively. This indicates that the oil-soluble
QDs have oleic acid ligands on their surface. As shown in
the diagram of Fig. 5, the C=C bonds of these ligands can also
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Fig. 2. Infrared transmittance spectra of methyl-PDMS, ethylene-
PDMS, cured SP, and cured SLHP with 15 wt. % methyl-PDMS.

Fig. 3. Total radiant power and luminous flux of LEDs with
QD/SLHP composites for different methyl-PDMS concentrations;
the QD concentration is kept at 0.6 wt. %.

Wavenumber

Fig. 4. Infrared transmittance spectrum of CdSe/ZnS QDs.
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interact with the Si–H bonds of the ethylene-PDMS networks
[22]. Since the ethylene-PDMS networks possess a relatively
high rigidity owing to the cross-linking, the polymer chains
with Si–H bonds of the cross-linked networks have difficulties
reaching the QDs under the chemical force induced by the
Si–H bonds of the networks and the C=C bonds of the ligands.
By contrast, free QDs can actively reach the cross-linked
networks under this chemical force and complete the hydrosi-
lylation reaction. However, many ligands reside on a QD
surface and have a high probability to interact with the network
at different locations. Since the Si–C bonds between networks
and ligands are stronger than the Zn–O bonds between
QDs and ligands, the ligands can be removed from QDs by
the pulling network, thereby causing more surface defects
on QDs. With increasing methyl-PDMS concentration, more
QDs can be freely excited in the liquid environment with high
flexibility, preventing the ligands from being drawn away by the
networks with relatively high rigidity. QDs with less
surface defects can lead to less nonradiative recombinations,
resulting in more QD light in the QD-LEDs with higher
methyl-PDMS concentrations. The other possible reason is
that an increasing amount of methyl-PDMS with low kin-
ematic viscosity (in this study, 500 m2∕s) is beneficial to de-
crease the system viscosity of the SLHP composites during
QD dispersion [22]. In other words, a larger methyl-PDMS
concentration helps prevent QD aggregation and sedimenta-
tion in the composites, guaranteeing many more QDs to be
excited by the chip light (light emission from LED chips)
in LEDs.

The QD/SP films, SP films, QD/SLHP films, and SLHP
films were fabricated to further verify the effect of SLHP

composites on QDs. Their samples are shown in Figs. 1(f )–
1(i), respectively. The transmittance, haze, absorption, and
reflection spectra of the SP film and SLHP film (with
85 wt. % methyl-PDMS) are shown in Fig. 6(a). Both films
exhibit transmittance values of 93% and low absorption and
reflection. Besides, the haze of the SLHP film is higher than
that of the SP film, indicating that the SLHP film has a stronger
scattering ability for visible light. This may be caused by the
interfaces introduced by methyl-PDMS inside the cross-linked
ethylene-PDMS network. However, both haze values are below
3%. The slight difference can be neglected after their inter-
actions with QDs. The absorption spectra of QD/SLHP films
(85 wt. % methyl-PDMS) and QD/SP films with QD concen-
trations of 0.3 wt. %, 0.5 wt. %, and 0.8 wt. % are shown in
Figs. 6(b)–6(d), respectively. Regarding the chip spectra, the
absorption of the QD/SLHP film is higher than that of the
QD/SP film; this is mainly caused by the lower viscosity of
methyl-PDMS during QDs dispersion, which results in a
greater QD amount in the SLHP composites. However, the
QD/SLHP film has a lower absorption in the QD spectra
and an even longer wavelength of above 600 nm. To compare
the absorption spectra at long wavelengths, they are normalized
to the chip wavelength for convenience. Evidently, the QD/SP
film has a stronger absorption ability for long wavelengths than
the QD/SLHP film. Moreover, the differences in the absorp-
tion for long wavelengths between the QD/SLHP film and
QD/SP film become more significant as the QD concentration
increases. Since the defect states in the midgap of the QDs
compete to capture long-wavelength photons with low energies
[39,40], the results further support that SLHP composites
protect the ligands of QDs, reducing the defect states.

Fig. 5. Fabrication method for QD/SLHP composites. The liquid methyl-PDMS provides a flexible environment to prevent ligands on QD
surfaces from being dragged away by the cross-linked ethylene-PDMS network.
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4. OPTICAL PERFORMANCES OF QD-LED

A. Light Efficiency
The optical performances of QD-LEDs with different QD con-
centrations are given. Figure 7(a) shows the total radiant power
and luminous flux of QD-LEDs with QD/SLHP composites
and QD/SP composites with QD concentrations from
0.1 wt. % to 0.8 wt. %, respectively. Both total radiant power
values decrease with increasing QD concentration owing to the
increased reabsorption loss between QDs [17]. The total radi-
ant power values under equal QD concentrations show approx-
imately no difference, indicating an equal optical power loss in
these two LED types. Evidently, QD/SLHP composites are
beneficial to gain a higher luminous flux in LEDs with different
QD concentrations. For further investigations, the radiant-
power values of the chip light and QD light were separated
from the total radiant power values by integrating the blue
and green spectra, respectively, as shown in Fig. 7(b). The ra-
diant power of the chip light from QD/SLHP composites is
lower than that from QD/SP composites under different
QD concentrations. Thus, the QDs in the QD/SLHP compo-
sites absorbed more chip light. This confirms that QD/SLHP
composites with lower viscosity can provide a better dispersity
for QDs, preventing their aggregation and sedimentation in the
composites without being excited by chip light. As a result, a
higher radiant power in the QD light can be observed for
LEDs with QD/SLHP composites. Most importantly, the high
amount of chip light absorbed by QDs also indicates that
much more color conversion events occurred. This can gener-
ally lead to a lower total radiant power owing to nonradiative

recombinations [18,41]. However, the total radiant power
gained by QD/SLHP composites is still equal to that gained
by QD/SP composites, as discussed above. Hence, the conver-
sion loss of a single QD in SLHP composites can be lower than
that in SP composites.

It is more reasonable to compare the optical performances of
both LED types under equal QD light proportion. The color
conversion efficiency (CCE) (the ratio of QD light radiant
power to the system) can characterize the QD light proportion
and output color of LEDs, which is generally used as a constant
condition for the comparison of LED performances [31,38], as
shown in Fig. 7(c). Owing to the higher quantity of generated
QD light in SLHP composites, the CCE gained with QD/
SLHP composites is higher than that gained with QD/SP com-
posites. At equal CCEs, both total radiant power and luminous
flux of LEDs with QD/SLHP composites are larger than those
of LEDs with QD/SP composites. Thus, the conversion loss of
QDs in LEDs with QD/SLHP composites is lower than that in
LEDs with QD/SP composites even when equal proportions of
QD light are generated. Moreover, these improvements can be
larger at higher QD concentrations. This further supports the
hypothesis that SLHP composites lead to less surface defects
when a greater amount of QDs transfer from solution to poly-
mer matrix. Especially at the high CCEs, ranging from 40% to
60%, that are generally used in white LEDs [30,31,35], their
total radiant power and luminous flux can increase by 11.8%
and 13.0%, respectively, compared with those using QD/SP
composites, achieving a high luminous efficacy of 89.6 lm/W
even at a large injection current of 0.19 A. Please note that such

(a) (b)

(c) (d)

Fig. 6. (a) Transmittance, haze, absorption, and reflection spectra of SP film and SLHP film (with 85 wt. % methyl-PDMS). (b)–(d) Absorption
spectra of QD/SP film and QD/SLHP film with QD concentrations of 0.3 wt. %, 0.5 wt. %, and 0.8 wt. %, respectively.
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an efficiency is larger than previous reported QD-LEDs using
green QDs as the only color convertor with solid-state packag-
ing structures (∼80 lm∕W) [35,42,43], and comparable with
that using liquid-state packaging structures (∼105 lm∕W) [35].
Therefore, the new approach of solid–liquid hybrid state shows
great potential in achieving a high efficiency light source.

In addition, the spectra of LEDs with QD/SLHP and QD/
SP composites are shown in Figs. 8(a) and 8(b), respectively.
The intensity of the chip spectra (400 nm–500 nm) of QD/
SLHP composites is lower than that of QD/SP composites at
different QD concentrations, whereas it is the opposite for the
intensity in the QD spectra (500 nm–600 nm). Besides, a red-
shift can be observed in the QD spectra with increasing QD
concentration, which is generally regarded as the result of en-
ergy loss induced by QD aggregations and reabsorptions
[44,45]. Most importantly, the peak wavelength and redshift
are approximately equal for the two LED types when the
QD concentration increases from 0.1 wt. % to 0.8 wt. %,
as shown in the insets of the normalized spectra in Figs. 8(a)
and 8(b), respectively. Therefore, the aggregation- and reab-
sorption-induced energy losses are not responsible for the
improvement caused by SLHP composites.

B. Device Stability
The stability of LEDs with QD/SP composites and QD/SLHP
composites were studied by aging tests. BothQDconcentrations

were kept at 0.6 wt. %, as shown in Fig. 9. Please note that two
types of aging tests were carried out. First, an aging current of
0 mA (nonworking aging) was applied, which corresponds to
LEDs without injection currents. Second, an aging current of
0.19 A (working aging) was applied; this is a harsh condition
in studying the stability of QD-LEDs [13]. Both LEDs expe-
rienced a room temperature of 25°C without additional thermal
management and were measured with a rating injection current
of 0.19 A. For 0 mA, the luminous flux maintenance (LFM) of
LEDs with QD/SLHP composites is obviously lower than that
of LEDs withQD/SP composites at the same aging time because
the dispersed QDs in the methyl-PDMSmay be aggregated ow-
ing to sedimentation during usage. This is demonstrated in the
insets in Fig. 9: deep-orange aggregation particles can be ob-
served at the bottom of the QD/methyl-PDMS composites
for hours. However, the LFM values of the two LED types
are approximately equal for an aging current of 0.19 A. This
is because the LEDswithQD/SLHP composites exhibit less sur-
face defects on QDs, leading to lower thermal power generated
by nonradiative recombinations and suppressed thermal
quenching [46]. Moreover, since QDs possess an extremely
low thermal stability [47], SLHP composites help increase
the lifetime of QD-LEDs and neutralize the LFM reduction
caused by sedimentations. Consequently, SLHP composites
can achieve high efficiency QD-LEDs without sacrificing the

(a) (b)

(c)

Fig. 7. (a) Total radiant power, luminous flux, (b) radiant power of chip light, and radiant power of QD light of LEDs with QD/SLHP com-
posites and QD/SP composites at different QD concentrations. (c) CCE of LEDs with QD/SLHP composites and QD/SP composites at different
QD concentrations; their total radiant power and luminous flux for different CCEs.
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LFM after working aging compared with traditional SP compo-
sites, which is essential for their mass productions and commer-
cial applications.

5. CONCLUSIONS

We propose a high efficiency solid–liquid hybrid-state QD-
LED device; SLHP composites are used as dispersion matrices
for QDs. The infrared transmittance spectra prove that
ethylene-PDMS interacts with the curing agent after a heat
treatment and creates a solid-state cross-linked network, which
can store liquid methyl-PDMS. On a macroscopic level, the
SLHP composites appear in a solid state after curing and
can therefore be directly employed in current structures for
illumination and display applications. Simultaneously, they
own a liquid state from a microcosmic level, which provides
a liquid environment for dispersing QDs. The results indicate
that LEDs with QD/SLHP composites can achieve better
optical performances than LEDs with conventional QD/SP
composites, in particular when a methyl-PDMS concentration
of 85 wt. % is used, which is the maximum concentration that
can ensure that the ethylene-PDMS is entirely cross-linked and
solid. Spectral analyses of the LEDs reveal that reabsorption and
aggregation loss show approximately no influence on the opti-
cal performances according to the redshift in the QD spectra.
However, the absorption spectra of the QD/SLHP films and
QD/SP films reveal that less surface defects exist on QDs in
QD/SLHP films, confirmed by the lower absorption compared
with that of QD/SP films for long-wavelength light.

Regarding the optical performances at CCEs ranging from
40% to 60% as generally used for white LEDs, the luminous
flux of LEDs with QD/SLHP composites (85 wt. % methyl-
PDMS) increases by 13.0% compared with those with QD/
SP composites. As a result, a high luminous efficacy of
89.6 lm/W (0.19 A) was achieved for QD-LEDs using QDs
as the only color convertor. Moreover, the working-aging tests
at a harsh condition indicate that LEDs with QD/SLHP com-
posites can achieve an LFM comparable to that of LEDs using
QD/SP composites. This is because the lower thermal power
generated in QD/SLHP composites with less nonradiative re-
combination events can better suppress the thermal quenching
of QDs, thereby providing a working stability comparable with
that using conventional solid-state packaging structures.
Consequently, the novel approach shows great potential for high
efficiency and high stability QD-LEDs by providing a solid–
liquid hybrid-state environment for QDs. We believe that this
study can provide a new prospective for high efficiency QD-
LED design and make significant contributions to illumination
and display applications.
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