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ABSTRACT: In this study, we analyze the influence of the pore  qp white LED
structure of an SBA-15 particle on the light emission from its
inner adsorbed quantum dots (QDs) and outer light-emitting
diode (LED) chips. It is found that the particle features of a
high refractive index, comparable feature size of pore structure,
and lower amount of QD adsorption help with QD light
extraction, demonstrating a mechanism to suppress QD light
propagating through pores and thus reducing the reabsorption
loss. We consequently developed highly efficient QD white
LEDs with wet-mixing QD/SBA-15 nanocomposite particles
(NPs) by further optimizing the packaging methods and the (—
introduced NP mass ratio. The LEDs demonstrated a record QD QD/SBA-15

luminous efficacy (the ratio of luminous flux to electrical

power) of 206.8 (entrusted test efficiency of 205.8 Im W' certificated by China National Accreditation Service) and 137.6 Im
W' at 20 mA for white LEDs integrating only green QDs and green—red QD color convertors, respectively, with improved
operating stability. These results are comparable to conventional phosphor-based white LEDs, which can be a starting point
for white LEDs only using QDs as convertors toward commercialization in the near future.
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ight-emitting diodes (LEDs) are widely used as solid- 50 nm.° Solution-processed quantum dots (QDs) have

I state light sources owing to their high brightness and attracted great attention for use in white LEDs''™'* to satisfy
long lifetime." As the GaN-based blue LED chip has the liquid crystal display (LCD) demands on wide color

been successfully commercialized,” the color-conversion gamuts. The fwhm becomes narrower, from ~130 nm for
technique has become one of the most promising methods phosphor to ~25—30 nm for CdSe-based QDs and ~18—20
to generate white light by integrating blue LED chips with nm for perovskite QDs (PQDs)."*> Consequently, a wide color
downconversion materials.” Generally, yttrium aluminum gamut with ~120% National Television Standards Committee

gamnet (YAG) and‘ nitride'bfised phosphor  are selec.ted.as (NTSC) standard and a 95.8% Rec. 2020 in the Commission
color convertors owing to t}.1e.31r idvantages, such as their high Internationale de I'Eclairage (CIE) 1931 color space has been
thermal and moisture stability.” Most color convertors are achieved by replacing conventional phosphor color con-

packaged with blue LED chips to achieve commercial white vertors."’ In addition, green and red QDs packaged with

LEDs Wlth a compact S1z€, .hlgh c<.)st—e.ffect1ve.nes.s, ar;cél micro/mini blue LED chips have also become the state-of-the-
convenience for systematic optical design in applications.”

t technique fa ducing ultrahigh-resolution displ ixel
Great efforts have been made to increase the luminous efficacy art technique for producing ultrahigh-resolution displays (pixe

(the ratio of luminous flux to electrical power) of phosphor-
based white LEDs by optimizing the architectures of color Received:  July 10, 2020
convertors,” successfully achieving a luminous efficacy of over Accepted: December 22, 2020
200 Im W'.7 However, the wide full-width at half maximum Published: December 23, 2020
(fwhm) of conventional color convertors sets some boundaries

for white LEDs applied in wide-color-gamut displays,"’

especially green LEDs, which generally have an fwhm over
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Figure 1. Morphology of QD/SBA-15 NPs. (a) Photograph of QD/SBA-15 NPs under daylight with NP mass ratios of 1:1, 1:2, 1:5, and
1:10. (inset) The corresponding NPs under ultraviolet light. (b—d) TEM images of QD/SBA-15 NPs with NP mass ratios of 0, 1:1, and 1:10.
(e) HAADF STEM images of QD/SBA-15 NPs and the corresponding elemental mappings of Si, Se, and Cd. All of the scale bars are 100 nm.

spacing <0.9 mm) owing to the small size of the lighting
source,'°™'® which has great potential in head-mounted
displays.

However, the conversion efficiency of QD color convertors
(~20—40%) is still lower than that of conventional phosphor
color convertors (~40%—60%)."""** This phenomenon
originates from the high optical density at the absorption
edge of QDs of their conversion light, causing so-called
reabsorption processes.”” > In other words, some QD light is
absorbed by the QDs themselves and converted to thermal
power,”*”” causing considerable optical energy loss. In
particular, the reabsorption probability is higher with a higher
QD content,”® and therefore, QDs currently can only be
applied in display or illumination applications in combination
with conventional phosphor color convertors to reduce the
QD content.”** 7' For white LEDs that use QDs as the only
color convertors, their luminous efficacy is ~40—100 Im W™,
which is approximately twice as low as those using phosphor
color convertors.””*> This low optical efficiency is not
acceptable in high-power applications and leads to inevitable
thermal problems,”” reducing the operating stability due to the
low thermal stability of QDs.** Photon management is one of
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the most promising approaches to resolve this issue.’*

Recently, photonic crystal QD color convertors have been
proposed to improve the conversion efficiency (leading to an
increase of ~8%) of white LEDs by coating green and red QDs
on photonic crystal structures, which increase blue light
absorption and QD light extraction, respectively.35 Moreover, a
strong scattering effect has been introduced to enhance the PL
intensity of QDs using polymer composites with random pore
structures, exhibiting orders of enhancement in the PL
intensity.'»*' However, the backscattered loss leads to some
fabrication limitations for thicker color convertors with high
efficiency, suppressing their applications in white LEDs. Our
previous study directly incorporated mesoporous particles into
green QD color convertors, successfully enhancing the
conversion efficiency of QDs, but the maximum luminous
efficacy was still lower than 90 Im W~'.*° The incorporation
packaging method may not be the best solution to maximize
the function of mesoporous particles, and the underlying
mechanisms are not clear. Currently, most of the above-
mentioned studies have focused on the random scattering
effect to increase the PL intensity of QDs by increasing blue
light absorption or reducing the total internal reflection from
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Figure 2. FDTD simulation of QD/SBA-15 NPs. (a) The LEE of QD light in QD/SBA-15 NPs with different RRIs. The top insets are the
lateral view and top view of a QD/SBA-1S5 NP in the FDTD simulation. The bottom insets are the refractive index distributions of QD/SBA-
15 NPs. (b) The electric field at the top surface of QD/SBA-15 NPs with different RRI values. (c—e) The LEE of QD light in QD/SBA-15
NPs with different pore widths w, pore spacings s, and QD contents.

the macro perspective. The efficiency enhancement of QD
white LEDs is extremely limited when using high QD
concentrations (a high QD energy proportion in emission
spectra) with a serious reabsorption loss. To the best of our
knowledge, it is still unclear how to extract the conversion light
between QD particles from a micro perspective when
considering the reabsorption effect.

In this study, highly efficient QD white LEDs with a wide
color gamut were produced by a photon management of
reabsorption processes using QD/SBA-15 nanocomposite
particles (NPs). First, the facial wet-mixing method was
adopted to fabricate QD/SBA-15 NPs instead of directly
incorporating SBA-15 particles into QD color convertors; the
morphology of these NPs was investigated. Moreover, finite-
difference time-domain (FDTD) and ray-tracing (RT)
methods were used to determine the light-extraction
mechanisms of QD light in QD/SBA-15 NPs with different
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structural parameters. Then, QD white LEDs with different
packaging methods were investigated to confirm the improved
adsorption and dispersion performances of the solvent-free
packaging method for QD/SBA-15 NPs. According to this
packaging method, QD white LEDs were fabricated to
optimize the NP mass ratio of QD/SBA-15 NPs; it is shown
that QD white LEDs using QDs as the only color convertors
have successfully achieved a luminous efficacy higher than 200
Im W' at 20 mA. Finally, the dichromatic (green and red)
QD/SBA-15 NPs were applied in wide-color-gamut QD white
LEDs (6500 K), also achieving a record luminous efficacy of
137.6 Im W™ at 20 mA.

RESULTS AND DISCUSSION

Morphology of QD/SBA-15 NPs. It is simple to obtain
QD hybrid powders using the wet-mixing method,”” ~*” and
most previous studies have focused on the stability of QD

https://dx.doi.org/10.1021/acsnano.0c05735
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hybrid powders with random pore structures, while their color
conversion processes have rarely been investigated. In our
cases, QD/SBA-15 NPs were prepared by the wet-mixing
method with different NP mass ratios (the mass ratio of QDs
to SBA-15 particles); the size distributions of QDs and SBA-15
particles are shown in Figures S1 and S2, respectively.
Photographs of QD/SBA-15 NPs with NP mass ratios of
1:1, 1:2, 1:5, and 1:10 are shown in Figure la. A larger NP
mass ratio indicates more QDs adsorbed inside each SBA-15
particle; therefore, a more yellowish color is observed with an
increasing NP mass ratio in daylight. Transmission electron
microscope (TEM) images of QD/SBA-15 NPs with different
NP mass ratios are shown in Figure 1b—d, corresponding to 0,
1:1, and 1:10, respectively, to further investigate the integration
of QDs and SBA-15 NPs. Note that no QDs are adsorbed in
the SBA-15 particles shown in Figure 1b. After the adsorption
of QDs with an NP mass ratio of 1:1 (Figure 1c), dense black
spherical points appear within the SBA-15 particle that
originate from the QDs, as supported by the TEM images of
QDs (Figure S1). The distribution density of QDs dramatically
decreases as the NP mass ratio decreases to 1:10 (Figure 1d),
confirming that fewer QDs are adsorbed within each SBA-15
particle. The high-angle annular dark field-scanning TEM
(HAADF-STEM) image and corresponding elemental map-
pings of QD/SBA-15 NPs are shown to confirm the
integration between the CdSe-based QDs and SBA-15
particles, as shown in Figure le. Clearly, Cd and Se in QDs
are located within the Si of each SBA-1S particle, which is
supported by the energy-dispersive spectrometer (EDS) results
shown in Figure S3. Notably, it is difficult to directly observe
the inner distribution of QD in an SBA-1S particle owing to
the limitations of TEM. Here, we can only discuss the surface
distribution of QDs adsorbed on SBA-15 particles. However,
the mean particle size of the QDs and the pore size of the SBA-
1§ particles are 9.4 and 11.2 nm, respectively. It is reasonable
that QDs can be adsorbed inside SBA-1S particles, because
they have a matched size, according to previous studies on wet
mixing.”” However, it is difficult to prevent QDs from being
adsorbed near the pore surface, as some QDs have particle
sizes larger than the pore. It is still necessary to seek other
materials with better matching sizes in the future. In addition,
because these particles are finally used in LED devices by
dispersion in the silicone matrix, we also use a frozen section to
obtain a cross-sectional QD/SBA-1S5 silicone composite with a
thickness of ~60 nm and confirm that QDs are located in the
inner structure of SBA-1S5 particles (Figure S4). For
subsequent aspects of device performance, much more
evidence will be shown to support the inner adsorption of
QDs.

Light-Extraction Mechanisms in QD/SBA-15 NPs. A
simplified FDTD model was used to study the light-extraction
mechanisms of QDs adsorbed by SBA-15 particles with
different structural parameters, including the refractive index,
pore width w, pore spacing s, and adsorbed QD content. The
lateral and top views of the QD/SBA-1S5 NP used in the FDTD
model are shown in the top insets in Figure 2a. The refractive
index of silicone is 1.41, which is used in subsequent device
fabrication. The QD distribution, the basic structure of QDs,
and the SBA-15 particles are the same as in our previous
studies.’® Note that a conversion process with infinite
iterations is difficult to consider in the FDTD simulation;
however, this issue is discussed later in the Tracepro (TP)
simulation. It is assumed that QD light is emitted from the
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centered QD represented by three dipole sources with wave
vectors along the %, y, and z axes to simulate nonpolarized QD
light. The primary concern is the amount of QD light in QD/
SBA-15 NPs that can escape from the NPs compared with that
in QDs without SBA-15 particles. Therefore, we define the
light-extraction efficiency (LEE) as the transmittance ratio of
QD light in QD/SBA-15 NPs to that in QDs without SBA-15
particles; both of these particles are dispersed in the silicone
matrix. Transmittance is recorded by a three-dimensional
detector surrounding the QD/SBA-15 NPs or QDs. The QD/
SBA-15 NPs have the same amount and distribution of QDs as
the referenced QDs without SBA-15 particles for a fair
comparison. Because the SBA-15 particle is assumed to not be
able to absorb light, the energy loss is dependent on the self-
reabsorption loss of QDs (the absorption loss of green (red)
QD light by other green (red) QDs). As a result, a higher LEE
indicates a lower self-reabsorption loss in our cases. In
addition, the case of SBA-1S5 particles and QDs uniformly
dispersed in the silicone matrix is too large to be considered in
the FDTD model. For example, the FDTD simulation of a
typical QD/SBA-15 particle requires computer resources of
128 GB of random access memory (16 8 GB Samsung RAM
modules) and 12 core central processing units (two Intel Xeon
ES-2640 CPUs), and the simulation time (real time) for a
model is 8—14 h. However, the light-extraction mechanism of
the uniform dispersion is the same as that of traditional
methods incorporating QDs with scatterin§ particles according
to the Monte Carlo bulk scattering model,  which can neglect
the actual geometry of scattering particles of color convertors
in the simulation. It has been well-suggested that uniformly
dispersed scattering particles can enhance the conversion
probability by increasing the optical path of chip light,"'~**
which is outside the scope of this study.

For convenience, the relative refractive index (RRI) is
defined as the ratio of the refractive index of SBA-15 particles
to that of silicone. The LEE of QD/SBA-15 NPs with different
RRIs is given in Figure 2a. Notably, the value of RRI is 1,
indicating that there are only QDs in silicone without
adsorption in SBA-15 particles. In addition, the refractive
index distributions of some QD/SBA-15 NPs are given in the
bottom insets in Figure 2 as examples. In Figure 2a, the LEE >
1, demonstrating that much more QD light escapes from QD/
SBA-15 NPs than from only QDs. In contrast, the SBA-15
particles are not beneficial for extracting QD light. As the RRI
increases, the LEE increases and tends to be saturated. These
results indicate that the higher refractive index of SBA-15
particles is beneficial for extracting QD light. In particular, only
when the refractive index of SBA-1S particles is larger than that
of silicone (RRI > 1) can it lead to an LEE > 1. To solve this
issue, the electric field (representing the optical energy of QD
light) at the top surface of QD/SBA-15 NPs is shown in Figure
2b. When RRI < 1, the QD light is mainly constrained within
the pores of SBA-15 particles, which are filled with silicone
with a higher refractive index. In this case, the nanometer-sized
pore array is similar to a waveguiding structure for QD light,
suppressing its propagation in the bodies of SBA-15 particles.
Because there are many QDs located in the pore array,
constraining QD light in the pore array leads to much more
self-reabsorption loss, thereby reducing the LEE. Because the
RRI is 1, no obvious pattern can be observed owing to the
isotropic emission of QD light. When the RRI > 1, the QD
light tends to be constrained in the bodies of SBA-15 particles,
with this phenomenon becoming more obvious as the RRI
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Figure 3. Packaging method optimizations. Sample A: QDs are dispersed in the silicone matrix by solvent assistance. Sample B: QDs and
SBA-15 particles are dispersed in the silicone matrix by solvent assistance. Sample C: QD/SBA-15 NPs are prepared by wet-mixing QDs and
SBA-1S particles with solvent assistance and are then directly incorporated into the silicone matrix.

increases. Similar to the case of RRI < 1, in which QD light is
constrained in the pore array, the bodies of SBA-15 particles
have a waveguide effect when their refractive index is larger
than that of the pore array (silicone). When the difference in
the refractive index is larger, a stronger waveguide effect can be
observed, constraining much more QD light in the bodies of
SBA-15 particles. Therefore, some of the QD light can bypass
the QDs located in the pore array through the waveguide effect
resulting from the bodies of SBA-1S particles, thus reducing
self-reabsorption loss. A diagram of this mechanism is shown in
Figure SS for clarity.

To better understand the origin of the waveguide effect of
QD light in an SBA-15 particle, the structural parameters of
QD/SBA-15 NPs, including w, s, and the adsorbed QD
content, are investigated, with the resulting LEE shown in
Figure 2¢,d. Here, the RRI is kept at 1.1. In Figure 2c, the LEE
decreases as w increases. This is because a larger w indicates a
smaller feature size of the body, such as the boundary thickness
of the pore, causing these feature structures to be much smaller
than the wavelength of QD light and weakening the waveguide
effect. In Figure 2d, the LEE increases as s increases, which is
attributed to the increased feature size of the body used to
constrain QD light, with a more comparable feature size
increasing the waveguide effect. As a result, a higher refractive
index, smaller pore size, and larger spacing size are expected
from the perspective of improving the LEE. All of the above
results demonstrate that the so-called waveguide effect herein
is tightly associated with the size effect of the pore boundary of
SBA-15 particles. One explanation is that the propagation
direction of QD light is disturbed when incident with the pore
boundary owing to the inner scattering effect. A feature size of
the pore boundary more comparable to the wavelength of QD
light demonstrates a stronger scattering effect, leading to much
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more QD light being disturbed in the bodies and suffering
from more serious total internal reflection. For convenience,
we call this QD light extraction effect the inner scattering
induced waveguide (ISIW) effect at subsequence. It is worth
mentioning that these results are not limited to SBA-1S
particles and can also be used to design optical structures to
reduce the self-reabsorption loss of QDs in the future. In
addition, the NP mass ratio influences the QD content per
SBA-15 particle; therefore, the LEE achieved with different
QD contents is also shown in Figure 2e. Obviously, a lower
QD content per particle is beneficial for increasing the LEE
owing to the lower probability of absorption events by other
QDs. Therefore, a low NP mass ratio may be helpful in
improving the efficiency of QD white LEDs, which is discussed
in greater depth later when discussing the device performance.

As discussed above, it is difficult to consider the conversion
process using the FDTD simulation. To better understand the
influence of QD light extraction on device efficiency, a TP
simulation is performed, as shown in Figure S6. According to
the FDTD simulation, the LEE is mainly affected by the self-
reabsorption loss of QDs. It can be demonstrated that the
absorbance of QD light by QDs decreases as the LEE
increases. On the basis of this assumption, we define a
coefficient as the absorbance ratio of QD/SBA-15 NPs to only
QDs. Accordingly, the absorbance spectra of QDs with
different coefficients a are given in Figure S6a. Note that a =
1 indicates the referenced group of only QDs; the spectrum of
this group is based on the experimental measurement of green
CdSe/ZnS QDs. The full spectral simulation method,”
considering the infinite iteration process of self-reabsorption
events, is used to obtain the device efficiency, as shown in
Figure S6b. A simplified model for the LED device is shown in
the inset. Note that we only consider the conversion process of
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QDs in this model; the absorption losses of other packaging
elements (such as the LED chip and lead frame) and the
scattering effect are neglected. In addition, the proportion of
QD energy (the ratio of QD emission power to total emission
power) is proportional to the QD concentration, which is
aimed at providing a fair comparison of different QD white
LEDs. The luminous efficacy is extremely sensitive to the
absorbance of QD light, which can be largely improved by
nearly twofold when the coefficient a decreases from 1 to 0.1.
The self-reabsorption loss (the ratio of self-reabsorption power
to injection electrical power) is extracted to further support
this issue, as shown in Figure S6c. As the QD energy
proportion increases, the self-reabsorption loss increases,
owing to the high absorption probability for QD light. For
QD white LEDs with original green QDs (a = 1), the self-
reabsorption loss is as high as 50%. However, the self-
reabsorption loss dramatically decreases as the coefficient a
decreases and becomes lower than 10% (a = 0.1). Therefore, it
is reasonable that enhancement of the light extraction of QD
light in QD/SBA-15 NPs will contribute to highly efficient QD
white LEDs.

Packaging Method Optimization. The simple and
efficient encapsulation of QDs in a silicone matrix is highly
expected for LED integration in practice.”” Herein, the
packaging methods for QDs in a silicone encapsulant were
compared before optimization of the NP mass ratio;
photographs of the QD composites are shown in Figure S7a.
Here, the NP mass ratio is kept at 1:5 for QD/SBA-15 NPs.
Generally, the solvent-assisted method*® is adopted to
effectively disperse QDs in the silicone matrix by reducing
the system viscosity and improving the chemical compatibility.
Without solvent assistance, a serious aggregation is observed.
However, assisted solvents, such as toluene, chloroform, and
hexane, are always toxic and require a long time to evaporate;
therefore, the solvent-assisted method is not the best solution
for LED packaging. It is noteworthy that QD/SBA-15 NPs
lead to a good dispersity after incorporation into the silicone
matrix even without using solvent assistance, as supported by
Figure S7b, which shows the uniform yellow color of the QD/
SBA-15 film. These results demonstrate that QDs are tightly
adsorbed inside SBA-15 particles during the stirring process,
preventing physical contact between QDs. To further confirm
the effect of the packaging method on optical performance,
these QD composites are adopted to package LED devices
(except for the solvent-free QD packaging method with serious
aggregation). The diagram of the different packaging processes
is shown in Figure 3. Accordingly, the radiant power and
luminous flux of these devices are given in Figure S7c; their
QD concentration and packaging structure are the same. The
radiant power and luminous flux of QD/SBA-15 white LEDs
using an assisted solvent are obviously higher than those of QD
white LEDs. Most importantly, the QD/SBA-1S solvent-free
packaging (SFP) method even contributes to a higher radiant
power and luminous flux than the QD/SBA-1S solvent-assisted
packaging (SAP) method. One reasonable explanation is that
the silicone matrix, which has a poor solubility for QDs and
high viscosity, can constrain QDs inside the pore structures of
SBA-15 particles; in contrast, the introduced solvent reduces
the system viscosity and has a good solubility for QDs,
resulting in some QDs being washed away from the SBA-15
particles. To further confirm the enhanced light extraction of
QDs by the SFP method, the PL spectra of QD/SBA-15 films
are given in Figure S8, which are consistent with the device
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performance. Therefore, the QD/SBA-15 SFP method can
more effectively enhance the light extraction of QDs utilizing
ISIW structures of SBA-15 particles, leading to a stronger PL
emission, as observed in the inset spectrum of Figure S7c. To
confirm the versatility of the QD/SBA-15 SFP method in LED
packaging, silicone matrices with two typical viscosities (50
and 10000 cs) are used to obtain QD/SBA-15 white LEDs.
The luminous flux, total radiant power, chip radiant power, and
QD radiant power of these devices with different QD energy
proportions (ratios of QD light energy to total energy,
determining the spectral shape) are given in Figure S7d.
Clearly, these devices have the same optical performances
under different viscosities, indicating that QD/SBA-15 NPs
can be easily dispersed in silicone matrices with a wide range of
viscosities and are compatible with the current packaging
processes of LEDs.

NP Mass Ratio Optimization. The NP mass ratio of QDs
to SBA-15 particles is optimized based on the optical
performances of QD white LEDs. For simplification, only
green QDs are used here. Device performances are generally
compared under similar QD energy proportions depending on
the output emission color. Therefore, QD white LEDs are
integrated with green QD/SBA-15 NPs using different QD
concentrations when optimizing the NP mass ratio. The QD
energy proportions achieved by different QD concentrations
are given in Figure Slla. The QD energy proportion is
calculated by the ratio of QD radiant power (from S00 to 700
nm) to total radiant power. Generally, uniformly dispersed
scattering particles are beneficial to increasing the absorption
probability for chip light and reducing the spectral intensity of
the blue component, which can be attributed to the scattering
effect increasing the optical path of chip light in the QD
composite.4l_44 However, as discussed above, the ISIW effect
suppresses the blue light incident into the inner pores, where it
disperses QDs, thereby reducing the absorption probability of
blue light. These are two opposite effects on blue light
absorption. It requires a higher QD concentration to achieve
the same QD energy proportion when using QD/SBA-15 NPs
with a lower NP mass ratio, which means that the absorption
probability for blue light in QD/SBA-15 NPs decreases with a
lower NP mass ratio. One explanation for this effect is that the
pore structure suppresses the propagation of blue photons to
the inner QDs due to the ISIW effect, as shown in Figure 2. An
FDTD simulation is performed to further support this concept,
as shown in Figure S12a. A total-field scattered-field (TFSF)
source is used to study the effect of pore structure on blue light
with different incident angles. When the incident angle is 0°,
blue light is normally incident on the bottom of the pore,
which has the same refractive index as silicone. Therefore, blue
light is mainly concentrated at the pore, as shown in Figure
S12b. As the incident angle increases from 15° to 60°, as
shown in Figure S12c—f, blue light begins to propagate into
the lateral sides of pores, and much more blue light is
constrained in the bodies of the SBA-1S particles. These results
demonstrate that the pore structure is mainly useful for
constraining light with large incident angles propagating to the
lateral sides of pores. Because the SBA-1S particles generally
have a large length—width ratio, blue light has a high
probability of propagating into the pore structure with large
incident angles. As a result, some of the incident blue light is
constrained in the bodies of the SBA-15 particles, reducing the
QD energy proportion. However, the QD energy proportion
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Figure 4. NP mass ratio optimization for QD/SBA-1S white LEDs. (a) Luminous efficacy of QD/SBA-1S white LEDs with different NP mass
ratios at different QD energy proportions. (inset) A diagram of the LED devices used in the experiments. (b) EL spectra comparison of white
LEDs. (inset) The normalized EL spectra of white LEDs in the green light range. (c) Injection-current-dependent luminous efficacy and
luminous flux of white LEDs. (d) Radiant/luminous efficacy comparison of white LEDs. The NP mass ratio of QD/SBA-15 NPs for (b—d) is
1:5. The QD concentration for (b—d) is 0.8 wt %. The injection currents for (a, b) and (d) are 200 and 20 mA, respectively.

can be increased by simply increasing the concentration of
QD/SBA-15 NPs, as shown in Figure S1la.

The luminous efficacy of QD white LEDs with different NP
mass ratios under specific QD energy proportions is shown in
Figure 4a. As the QD energy proportion increases, the
luminous efficacy of devices with different NP mass ratios
reaches a maximum owing to the increasing amount of
converted light, which contributes much more to the
luminosity function compared with the blue light. However,
the luminous efficacy decreases when the QD energy
proportion is sufficiently high owing to the conversion loss
of QDs, which can be supported by the linearly reduced
radiant efficacy with the increasing QD energy proportion
(Figure S11b). Moreover, the luminous efficacy increases with
decreasing NP mass ratio, which is clearly observed at a high
QD energy proportion with serious self-reabsorption loss
owing to the dense QD distributions and high QD light
emission. To investigate this issue, the chip radiant power and
QD radiant power escaping from devices are also shown in
Figure Sllc,d, respectively. Evidently, the increment in
luminous efficacy is attributed to the enhanced light extraction
of QDs, because the QD radiant power significantly increases
with decreasing NP mass ratio, while the chip radiant power
only changes slightly. As the NP mass ratio decreases, fewer
QDs are adsorbed by each SBA-15 particle, resulting in fewer
self-reabsorption events within each SBA-15 particle. This
situation is beneficial for further reducing the self-reabsorption
loss of QD/SBA-15 NPs, as discussed in Figure 2e; the LEE of
QD light in SBA-1S particles is increased with a decreasing
amount of adsorption of QDs. However, the luminous efficacy
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decreases when the NP mass ratio is too low (such as 1:10).
Generally, a specific number of QDs is necessary to generate
sufficient QD light to obtain white-light spectra for
illumination or display applications, which means that many
more QDs/SBA-15 NPs are required in LED devices with
lower NP mass ratios, leading to a stronger backscattered loss.
Therefore, both the chip radiant power and QD radiant power
decrease when the NP mass ratio is reduced to 1:10, as shown
in Figure Sllc,d, respectively. To further confirm the
backscattered loss, blue LEDs with different concentrations
of SBA-15 particles were fabricated, and their radiant efficacy
decreased when the concentration was high enough (Figure
S13). Consequently, the optimized NP mass ratio is selected as
1:S in our cases to achieve the highest efficiency.

The detailed optical performances of the optimized QD/
SBA-15 white LEDs are compared with conventional QD
white LEDs at a specific QD concentration of 0.8 wt %; their
electroluminescence (EL) spectra are given in Figure 4b. The
EL intensities of the blue peak in QD/SBA-15 white LEDs are
increased compared with the conventional LED, which is quite
different from previous studies incorporating scattering
particles to enhance chip light absorption.”'~** As discussed
above, these results are attributed to the high probability of
chip light propagating into the pore structure with large
incident angles; therefore, much chip light is constrained in the
bodies of the SBA-15 particles instead of being captured by
QDs. It is noteworthy that a lower absorption of chip light also
means fewer downconversion events; however, the EL
intensity of the green peak still increases. To support the
enhanced light extraction mechanisms of QDs, we also selected
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Figure S. Optical performances of wide-color-gamut QD white LEDs using dichromatic RG-QD/SBA-15 NPs. (a) Luminous efficacy of RG-
QD/SBA-15 white LEDs with different QD concentrations. The injection current is 200 mA. (b) Diagram of the inter-reabsorption events of
green and red QDs without SBA-15 particles (RRI = 1). (c) Diagram of the light extraction mechanism of QD light in RG-QD/SBA-15 NPs
(RRI > 1). Injection-current-dependent (d) luminous efficacy, luminous flux, (e) CCT, and (f) aging test of RG-QD/SBA-15 white LEDs
with the same color coordinates. (g) Luminous efficacy comparisons of white LEDs using QDs as the only color convertors. GB: green QDs
integrated with blue LED chips. RGB: red and green QDs integrated with blue LED chips. The inset in (e) shows the CCT deviation at an
injection current from 10 mA to 200 mA. The aging condition for (f) has a continuous injection current of 200 mA at an environmental
temperature of 25 C. The inset in (g) shows the predictive luminous efficacy according to previous experimental results that used a linear

fitting.

three different physical structures for efficiency comparisons, as
shown in Figure S14. The traditional spherical SiO, (s-SiO,)
particle has a mean particle size of 25 ym, which is similar to
the QD/SBA-15 particle; the MCM-41 particle has a similar
structure to SBA-15 particles except for their much smaller
pore size (from 3 to S nm). The doped s-SiO, and doped SBA-
1S structures are prepared by directly mixing these particles
with the prepared QD-silicone composites. The QD/MCM-41
structures are obtained using the same method used to obtain
the QD/SBA-1S5 structures. All the QD concentrations were
kept at 0.8 wt %, and the mass ratio of QDs to the additive
particles (s-SiO,, SBA-15, MCM-41) was kept at 1:5.

As shown in Figure S14a, obviously both the doped s-SiO,
and doped SBA-1S structures appear to have a luminous
efficacy higher than that of the conventional QD structure
(without an additive). These enhancements are only within
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several percentages, as in previous reports,*' ~** which can be
attributed to their stronger scattering effect, which enhances
the absorption of blue light by QDs, as shown in Figure S14b,c.
However, the scattering effect of uniformly dispersed particles
also increases the absorption of QD light by QDs themselves
(Figure Sl4c), causing their luminous efficacy to be much
lower than that of QD/SBA-15 structures. It is worth noting
that the luminous efficacy of the doped SBA-15 structure is
higher than that of the doped s-SiO, structure. These results
may be because some QDs are still adsorbed by the SBA-15
particles during the mixing process, as shown in Figure S14d.
The QD/MCM-41 structure shows a largely reduced luminous
efficacy compared with the conventional QD structure, and it
is interesting that devices with these hybrid particles exhibit
very poor consistency. These results can be attributed to the
serious aggregation of QDs on the surface of MCM-41

https://dx.doi.org/10.1021/acsnano.0c05735
ACS Nano 2021, 15, 550—562


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05735/suppl_file/nn0c05735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05735/suppl_file/nn0c05735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05735/suppl_file/nn0c05735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05735/suppl_file/nn0c05735_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05735/suppl_file/nn0c05735_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05735?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05735?ref=pdf

ACS Nano

www.acsnano.org

particles (Figure Sl4e), because the inner pores are not large
enough to hold QDs, as supported by the TEM images shown
in Figure S15. These results can be further supported by their
EL spectra as shown in Figure Sl4g, demonstrating that the
QD/SBA-15 structure is effective for obtaining high-efliciency
devices. Furthermore, self-reabsorption can also cause a red-
shift in the emission spectra, as QDs are regarded as
downconversion materials, and the absorbed photons are
converted into photons with a lower energy (a longer
wavelength). To investigate this issue, the normalized EL
intensity of the green peak is given in the inset of Figure 4b,
and clearly the red-shift of the wavelength in QD white LEDs
is larger than that in QD/SBA-15 white LEDs; these results
demonstrate the elimination of self-reabsorption loss in QD/
SBA-15 NPs. In addition, we also find that the QD/SBA-15
silicone composite, similar to the pristine QD solution, has a
faster PL decay than the QD silicone composite (Figure S16),
which may also lead to fewer self-reabsorption events in QD/
SBA-1S NPs and accelerate PL decay. For comparison, the
injection-current-dependent luminous flux/efficacy and radiant
power/efficacy of the optimized QD/SBA-15 white LEDs and
the references are given in Figure 4c and Figure S17,
respectively. Their radiant eflicacy and luminous efficacy are
compared at a typical injection current of 20 mA, as shown in
Figure 4d. The QD/SBA-15 white LEDs have a luminous
efficacy of 206.8 Im W' and radiant efficacy of 50.5%
(improved by 39.7% and 59.8%, respectively), which are
comparable with those of the latest commercial QD-phosphor
hybrid white LEDs (Osconiq S 3030 QD, 173 Im W™'). To
ensure the test reliability of our results, samples were randomly
tested by a third-party testing agency certified by the China
National Accreditation Service for Conformity Assessment
(CNAS), confirming their high luminous efficacy over 200 Im
W' (see Figure S18). This luminous efficacy is the highest
record in reported studies using green QDs as the only color
convertors in LEDs.*>*%*/ =3

Dichromatic Red and Green QD/SBA-15 NPs for
Wide-Color-Gamut QD White LEDs. To achieve a wide
color gamut for display applications, we fabricated dichromatic
QD/SBA-15 NPs integrated with red and green QDs (RG-
QD/SBA-15 NPs) according to the proposed method and
maintained the NP mass ratio at 1:5. Before the discussion of
RG-QD/SBA-15 NPs, we first confirm that the light-extraction
effect also works on red QDs, as shown in Figure S19. The
luminous efficacy of red QD/SBA-15 LEDs increases by 30.7%
compared with conventional LEDs at a QD concentration of
0.2 wt %, which is slightly lower than that using green QDs.
One explanation for this difference is that the self-reabsorption
loss of red QDs is lower than that of green QDs owing to their
larger Stokes shift from the absorption of blue light to the
emission of red light. Therefore, QD/SBA-15 NPs are more
effective when used for QDs with a stronger self-reabsorption
loss. On the basis of the NP mass ratio of 1:5, we further
investigated the RG mass ratio (mass ratio of red QDs to green
QDs) for RG-QD/SBA-15 NPs, which shows different
emission colors (Figure S20). The luminous/radiant efficacy
of RG-QD/SBA-15 white LEDs with different RG mass ratios
and QD concentrations is given in Figure S21. As the QD
concentration increases, the luminous efficacy reaches a
maximum, while the radiant efficacy continues to decrease,
which is the same as for monochromatic QD/SBA-15 NPs. In
addition, both efficacies decrease as the RG mass ratio
increases at a specific QD concentration. This is because red
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QDs have a stronger absorption of blue light than green QDs,
leading to a much greater downconversion loss. Furthermore,
red light contributes less to the luminosity function than green
light, which is also responsible for the drop in luminous
efficacy. Consequently, the RG mass ratio should be as small as
possible to increase the efficiency. For applications, the CIE
color coordinates (emission color) are the other major
concern, as shown in Figure S22a. The color coordinates
shift toward red wavelengths as the RG mass ratio increases
and are especially far from the boundary of blue wavelengths
using a larger RG mass ratio with the same QD concentration.
These results confirm that much more blue light is absorbed
using a higher RG mass ratio, leading to a much greater
downconversion loss, as discussed above. Considering the
efficiency and chromatic properties, the RG mass ratio is
selected as 0.5:9.5 in our cases; most of the color coordinates
are closer to the Planck curve to achieve white light.

Controlled RG-QD white LEDs with the same RG mass
ratio of 0.5:9.5 and different QD concentrations were
fabricated for comparison; their color coordinates are given
in Figure S22b. When the QD concentration is small enough,
the color coordinates of RG-QD white LEDs are close to those
of RG-QD/SBA-15 white LEDs, because they have the same
RG mass ratio. However, the color coordinates are increasingly
different from those of RG-QD/SBA-15 white LEDs as the
QD concentration increases. It is evident that RG-QD white
LEDs have a larger redshift in color coordinates compared with
RG-QD/SBA-15 white LEDs. To further investigate this issue,
the luminous efficacy of RG-QD/SBA-1S white LEDs and the
controlled device is given in Figure Sa. The luminous efficacy
reaches a maximum at a specific QD concentration, the same
as that for the monochromatic device. However, the controlled
device obtains its maximum luminous efficacy at a lower QD
concentration, indicating that the controlled device has much
more conversion loss. Generally, there is an overlap between
the absorption spectra of red QDs and the emission spectra of
green QDs, leading to so-called inter-reabsorption (the
reabsorption by red QDs of green light from green QDs)
and increasing red emission, as shown in Figure Sb. Larger
amounts of green light and red QDs lead to more inter-
reabsorption events, resulting in a larger redshift. Therefore,
these results demonstrate that the inter-reabsorption between
green QDs and red QDs in NPs is suppressed owing to the
light-extraction effect of the pore structure, as shown in Figure
5S¢, exhibiting a smaller red-shift in color coordinates and a
larger maximum luminous efficacy. Their spectra are also given
in Figure S23a. Compared with RG-QD/SBA-1S white LEDs,
the red intensity increases and the green intensity decreases
more obviously, as the QD concentration increases in the
controlled device. These results further confirm that the inter-
reabsorption is reduced in RG-QD/SBA-15 white LEDs,
eliminating the absorption of green light by red QDs. To
quantitatively analyze this issue, we define the RG ratio as the
ratio of the red peak intensity to the green peak intensity, and
the RG increase factor refers to the increment of the RG ratio
with increasing QD concentration, as shown in Figure S23b.
The RG ratio and the increase factor of RG-QD/SBA-15 white
LEDs are ~3 times lower than those of the controlled device,
especially at a larger QD concentration of 1.2 wt %.
Consequently, inter-reabsorption is effectively suppressed in
RG-QD/SBA-15 NPs in addition to self-reabsorption.

The RG-QD/SBA-15 white LEDs and the controlled device
are adjusted to have the same correlated color temperature
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(CCT) value and color coordinates by changing the QD
concentration (the RG mass ratio is also 0.5:9.5) to ensure a
more effective comparison when discussing efficiency. In our
cases, the CCT and color coordinates of both the RG-QD/
SBA-15 white LEDs and the controlled device are ~6500 K
and (0.31, 0.33), respectively, for subsequent comparisons with
previous studies. The color coordinates are given in Figure
S24. Both the RG-QD/SBA-15 white LEDs and the controlled
device have a wide color gamut of ~118% NTSC; the details
are provided in Table S1, and their injection-current-
dependent luminous flux/efficacy is given in Figure Sd. The
maximum increment of luminous efficacy is 28.0%. It is worth
mentioning that the enhancement in this case, using
dichromatic NPs, is not as high as that using monochromatic
NPs (especially the green NPs). One explanation for this
difference is that the green-to-red proportion in these devices is
relatively low for achieving cool white light, which means that
the absorption of blue light is insufficient and the reabsorption
loss is not as serious as when using monochromatic NPs at
high QD concentrations. Therefore, a larger enhancement can
be expected by a more precise optimization of the emission
spectra in the future. In addition, QD white LEDs generally
require a high QD content to adjust the emission spectra, and
the large reabsorption loss will cause a low operating stability
owing to the heat power generated from the QDs themselves.
Therefore, the operating stability of these devices is
investigated. RG-QD/SBA-15 white LEDs have a better
CCT stability at different injection currents, as shown in
Figure Se; the CCT deviation at a larger-range injection
current is only 70.7 K, while that of the controlled device is
279.8 K. This behavior is generally attributed to the better
thermal performance of QD white LEDs.***” In RG-QD/SBA-
15 white LEDs, the enhanced thermal performance is mainly
attributed to a lower self/inter-reabsorption loss with reduced
thermal power generation by QDs, as the thermal conductivity
change of the silicone matrix can be almost neglected after
integrating with SBA-15 particles (Table S2). The aging test
under harsh operation conditions (injection current of 200
mA) is also conducted, and the luminous flux maintenance
(LFM) and radiant power maintenance (RPM) are shown in
Figure 5f; a better operating stability is observed for RG-QD/
SBA-15 white LEDs than the controlled device. It is confirmed
that, compared with the controlled device, RG-QD/SBA-15
white LEDs preserve higher red and green intensities during
operation (Figure S25a), and therefore, they also exhibit a
better CCT stability in the aging test (Figure S25b). In
addition to the operating stability, we find that QD/SBA-15
NPs also contribute to a better thermal stability at a high
temperature of 150 °C, as shown in Figure S26. Consequently,
the proposed QD/SBA-15 NPs are also beneficial for
improving the efficiency and stability of QD white LEDs
using green and red QDs as the only color convertors. For
convenience, the maximum luminous efficacies of QD/SBA-15
white LEDs are marked in Figure Sg for comparison with
previous studies using QDs as the only color convertors. In
most studies considering blue LED devices integrated with
green QDs (GB devices), the peak wavelength of green QDs
generally ranges from 525 to 550 nm, and their reported
maximum luminous efficacy is obtained by neglecting the CCT
value, because they lack a red light component. For blue LED
devices integrated with green and red QDs (RGB devices), the
peak wavelength of red QDs generally ranges from 610 to 640
nm, and their reported maximum luminous efficacy is obtained
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at CCT values ranging from 5000 to 7000 K. As shown in
Figure Sg, the efficiency described by previous studies only
increased by several percentages per year, while that of our
work increased by over 50%. R-GQD/SBA-15 white LEDs
with color coordinates of (0.3105, 0.3326) have a luminous
efficacy of 137.6 Im W' at a typical injection current of 20
mA. To the best of our knowledge, this luminous efficacy is the
highest recorded in reported studies using green and red QDs
as the only color convertors in LEDs,'!'/3%3047759:58765 1
addition, the inset shows the predictive luminous efficacy that
is linearly fit according to the reported values given in Figure
Sg. Without considering the light management of reabsorption,
it may require a long time to obtain devices with a high
luminous efficacy comparable with that described in this study.
Therefore, much work is needed to achieve highly eflicient
devices considering the light management of reabsorption in
the future.

CONCLUSIONS

In this study, we proposed highly efficient white LEDs using
QD/SBA-15 NPs as the only color convertors. These QD/
SBA-15 NPs were achieved based on a simple and efficient
wet-mixing method without complicated and time-consuming
chemical processes, in which QDs were successfully adsorbed
in SBA-15 particles, as confirmed by morphology analysis. The
FDTD simulation revealed that the LEE of QD light in these
NPs was effectively enhanced compared with that in
conventional QDs. The underlying mechanism is that the
pore boundary has an ISIW effect on the incident light,
especially at large incident angles, thereby suppressing the QD
light propagating through the pore dispersing QDs, and
reducing the self-reabsorption loss. NPs with a larger refractive
index and feature size (pore boundary) comparable with QD
light are much more beneficial to increasing the LEE owing to
their stronger ISIW effect. Moreover, the lower adsorption
amount of QDs in each NP is also beneficial to reducing the
self-reabsorption loss. Accordingly, QD white LEDs using
green CdSe-based QD/SBA-15 NPs were fabricated to
optimize the NP mass ratio. A record maximum luminous
efficacy of 206.8 Im W™ (entrusted test efficiency of 205.8 Im
W) for devices using green QDs as the only color convertors
was achieved at a specific NP mass ratio of 1:5, which is
attributed to the trade-off between the reduced self-
reabsorption loss and increased backscattered loss. Finally,
red CdSe-based QDs were further integrated with NPs to
obtain wide-color-gamut white LEDs. The results illustrate that
the NPs further reduce the inter-reabsorption loss of red QDs
to green light, providing an effective solution for reducing the
energy loss caused by the overlapping spectra. Consequently,
wide-color-gamut white LEDs with a record luminous efficacy
of 137.6 Im W' at 20 mA were obtained at color coordinates
of (0.3105, 0.3326) simultaneous with an improved operating
stability.

We believe that our work can be a respective starting point
for white LEDs using QDs as the only convertors for
commercialization in the near future and provide a general
guide for designing QD convertors integrated with other smart
devices, such as full-color micro/mini LEDs, by further
optimizing the particle sizes of QD/SBA-15 NPs. In the
future, it is still necessary to achieve an intelligent design for
efficient QD-integrated devices from the perspective of photon
management.
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EXPERIMENTAL SECTION

Materials. Green and red CdSe/ZnS QDs were purchased from
Beijing Beida Jubang Science & Technology Co., Ltd. Their peak
emission wavelengths are 525 and 625 nm, respectively, and both
have a photoluminescence quantum yield (PLQY) of ~85%. Blue
LED devices without silicone encapsulant were purchased from
Foshan NationStar Optoelectronics Co., Ltd.,; the peak emission
wavelength was 455 nm. Poly(dimethylsiloxane) (PDMS) was used as
a silicone encapsulant, and the dispersion matrix of QDs was
purchased from Dow Corning. Hexane as the assisted solvent during
QD dispersion was purchased from Aladdin Reagents. SBA-15
particles were purchased from Nanjing XFNANO Co., Ltd,; their
mean pore size was 11 nm.

QD/SBA-15 NP Preparation. The CdSe-based QDs were mixed
with SBA-1S particles at a specific mass ratio in a hexane solution; the
QD concentration in solution was kept at 5 mg mL™". Then, the
mixture was mixed uniformly with ultrasound for seconds and moved
to a planetary mixer, until the hexane was entirely volatilized.

Device Fabrication. For the SFP method, QD/SBA-15 NPs or
QDs were directly mixed with silicone with a specific QD
concentration by vacuum mechanical stirring. For the SAP method,
hexane was first added to silicone and then mixed with QD/SBA-15
NPs or QDs with ultrasound for seconds; the volume ratio of hexane
to silicone was 1:1. Then, the mixture was moved to a planetary mixer,
until the hexane was entirely volatilized. Accordingly, QD/SBA-15
NPs or a QD slurry was obtained and then injected into blue LED
devices to finish the package. The curing temperature of the silicone
matrix was 60 °C for 2 h to avoid the optical degradation of QDs.
There were six samples of the LED devices for each case in the
experiments.

Characterizations. The morphologies of the QD/SBA-15 NPs,
QDs, and SBA-1S particles were measured using a TEM instrument
from Bruker. The absorbance and PL spectra of the QDs were
measured by a UV—vis spectrometer from Shimadzu. The optical
performances of the white LEDs were measured by an integrating
sphere system from Instrument Systems, and the injection current was
provided by a power source from Keithley.
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