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Abstract
Pixelated color convertor plays an immensely important role in next‐
generation display technologies. However, the inherent randomness of light
propagation within the convertor presents a formidable challenge to reconcile
the huge contradiction between excitation and outcoupling. Here, we
demonstrate a bioinspired photonic waveguide pixelated color convertor
(BPW‐PCC) to realize directional excitation and outcoupling, which is inspired
by an insect visual system. The lens array of BPW‐PCC enables a focusing
photonic waveguide that guides the excitation light and converges it on
colloidal quantum dots; the directional channel provides a splitting photonic
waveguide to enhance the outcoupling of photoluminescence light. Conse-
quently, the excitation and outcoupling efficiency can be simultaneously
improved at this judiciously designed pixelated color convertor with a thick-
ness of 50 μm. By this strategy, ultrathin BPW‐PCCs with 4.4‐fold enhanced
photoluminescence intensity have been demonstrated in micro‐light‐emitting
diode devices and achieved a record‐high luminous efficacy of
1600 lm W−1 mm−1, opening a new avenue for efficient miniaturized displays.
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1 | INTRODUCTION

Color convertors, which can convert the color of photons
through sequential absorption and emission, have been
extensively studied and reached a plateau during the past
decade.1,2 In particular, the emergence of miniatured
optoelectronics has enabled and boosted important
application sectors, such as full‐color micro‐light‐
emitting diodes (micro‐LED) displays, and thus rein-
forced the demand for pixelated color convertors.3–8 So
far, color convertors have been developed primarily by
excavating new materials with higher internal quantum
efficiency and culminated in the synthesis and adoption
of colloidal quantum dot (CQD),9–15 which was recently
awarded the 2023 Nobel Prize in Chemistry. Currently,
the patterning process of CQD‐based micro‐LEDs has
reached a mature stage, but the device efficiency remains
low. Various strategies have been given to improve the
optical performance of color convertors from excitation
or outcoupling aspects. Examples include incorporating
scatterers, such as random pore structures, nanorods, or
metal‐oxide nanoparticles, to enhance excitation effi-
ciency (in absorbing the excitation photons and con-
verting them to emissive photons), and adding Bragg
reflectors,16–18 photonic crystals,19–21 localized surface
plasmon resonance,22–24 photon management struc-
tures25,26 to increase outcoupling efficiency (in extracting
the emitted photons from color convertors). Particularly,
we previously demonstrated that CQD/SBA‐15 color
convertors significantly improve the outcoupling effi-
ciency and achieve a record‐high luminous efficacy of
206.8 lm W−1 for CQD‐based white LEDs.25 However,
conventional methods have manifested difficulties in
addressing the inherent randomness of light propagation
within color convertors, thus failing to simultaneously
improve excitation and outcoupling efficiency; such a
challenge is more difficult to solve for thin‐film pixelated
color convertors with an ultrahigh particle concentra-
tion.27–29 As illustrated in Figure 1A, the random prop-
agation of the excitation light hinders the effective
concentration on CQDs, limiting the production of
emitted photons through radiative recombination and
consequently restricting excitation efficiency. Similarly,
the photoluminescence light emitted by the CQD also
undergoes intrinsic propagation randomness. This situa-
tion results in its absorption by other surrounding CQDs,
triggering non‐radiative recombination, thus causing
significant energy loss and a considerable reduction in
outcoupling efficiency. As the external quantum effi-
ciency (EQE)30 of color convertors is expressed as
EQE = ηex � ηoc, where ηex and ηoc are the excitation and
outcoupling efficiency, respectively, the comprehensive
realization of directional excitation and outcoupling is

crucial for simultaneously enhancing both excitation and
outcoupling efficiency to achieve an improvement in the
overall efficiency of color convertors.

In this article, we propose a bioinspired photonic
waveguide pixelated color convertor (BPW‐PCC) to solve
the contradiction between excitation and outcoupling,
which is realized by a bioinspired optical structure from
an insect visual system. Directional excitation and out-
coupling can be realized in bioinspired photonic wave-
guide pixelated color convertors (BPW‐PCCs) to
simultaneously improve excitation and outcoupling effi-
ciency, boosting their overall efficiency. To demonstrate
this concept, mesoporous silica Santa Barbara
Amorphous‐15 (SBA‐15) nanoparticles and porous
anodic alumina (PAA) membranes are employed as
waveguide templates, and CdSe‐based CQDs are selected
as color converted materials to construct ultrathin BPW‐
PCCs (50 μm) through a universal template assemble
approach. Finite difference time domain (FDTD) simu-
lations are also utilized to gain a more comprehensive
understanding of photonic waveguides in BPW‐PCCs.
Finally, we demonstrate that ultrathin BPW‐PCCs with
4.4‐fold enhanced photoluminescence intensity have
been realized with micro‐LED devices, achieving a
record‐high luminous efficacy of 1600 lm W−1 mm−1.

2 | RESULTS AND DISCUSSION

2.1 | Design of BPW‐PCCs

In nature, compound eye insects, such as bees and
dragonflies, demonstrate extraordinary visual imaging
capabilities, including high visual resolution and sensi-
tivity. Their unique visual system (Figure 1B left) exhibits
formidable photon management: focusing light via the
cornea and crystalline cone, and splitting light through
the pigment cell channels, thus improving light reception
and conversion efficiency. Inspired by the insect visual
system, we designed a highly efficient ultrathin BPW‐
PCC with bioinspired optical structures (Figure 1B
right), and supplemented the comparison between com-
pound eye structure in insects31 and our color converter
in Figure S1. The lens structure enables a focusing pho-
tonic waveguide that guides the excitation light to
converge on CQDs, which enables the color conversion of
excitation photons to largely increase excitation effi-
ciency. Concurrently, the directional channel provides a
splitting photonic waveguide to enhance the outcoupling
of photoluminescence light, significantly increasing out-
coupling efficiency. Directional excitation and out-
coupling can be realized by our bioinspired photonic
waveguide to boost the optical performance of color
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convertors. We conduct theoretical calculations to
investigate the influence of the photonic waveguide on
the photoluminescence intensity of BPW‐PCCs (see
Note S1 and Figure S2). The results reveal a trend
wherein the photoluminescence intensity is significantly
improved in response to an increase in excitation and
outcoupling efficiency, corroborating our initial pre-
dictions. The photonic waveguides are crucial for
achieving directional excitation and outcoupling in color

convertors, resulting in a significant enhancement of
photoluminescence intensity and an improvement in lu-
minous efficiency.

To demonstrate this concept, SBA‐15 nanoparticles
and PAA membranes are employed as waveguide tem-
plates, and CdSe‐based CQDs are selected as color con-
verted materials to construct BPW‐PCCs. We proposed a
universal template assembly approach to fabricate BPW‐
PCCs, as illustrated in Figure 2A (see detailed procedures

F I GURE 1 Design for bioinspired photonic waveguides. (A) Optical mechanism in thick‐film Con‐CCs with scatterers. Top left:
excitation light (blue) entering Con‐CCs is difficult to produce efficient excitation for CQDs due to the inherent randomness of light
propagation, limiting the excitation efficiency. The top inset illustrates the transition process in CQDs upon the excitation and emission
processes with radiative recombination. Top right: schematics of directional excitation to solve the random excitation issues. Bottom left:
PL light (green) is hard to extract from color convertor, reducing the outcoupling efficiency. The bottom inset illustrates the transition
process of non‐radiative recombination, leading to a lot of energy loss. Bottom right: schematics of directional outcoupling to solve the
random outcoupling issues. (B) BPW‐PCCs. Insect visual system: focusing ‐cornea, crystalline cone; converting ‐rhabdom; splitting ‐
pigment cells. BPW‐PCCs: focusing ‐lens array; converting ‐CQDs; splitting ‐ordered channels. The bioinspired photonic waveguide allows
for the directional excitation of CQDs to largely improve the excitation efficiency; concurrently, boost the outcoupling efficiency by
mitigating energy loss absorbed by other CQDs. BPW‐PCCs, bioinspired photonic waveguide pixelated color convertors; Con‐CCs,
conventional color convertor; CQDs, colloidal quantum dots; PL, photoluminescence.
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in the Experimental Section). Photographs of prepared
BPW‐PCCs exhibit a non‐aggregated, homogeneous
structure (Figure 2B left); in contrast, typical color con-
vertors with equivalent CQD material amounts display
apparent aggregation (Figure S3). To further investigate
the morphology of BPW‐PCCs, transmission electron
microscope (TEM) and scanning electron microscope
(SEM) characterizations are conducted. The BPW‐PCCs
are composed of lens arrays, hybrid CQD wires and
directional channels and their structural schematic and
morphology are depicted in Figure 2A. The substrate‐
peeling process produces lens array (Figure 2B middle)
at the bottom of BPW‐PCCs, conferring a strong focusing
photonic waveguide. The cross‐sectional SEM images of
blank PAA reveal empty pores organized in a near‐
hexagonal pattern (Figure S4). In contrast, lateral SEM
images of BPW‐PCCs demonstrate the presence of ori-
ented hybrid CQD wires within the PAA structure. There
are directional channels spaced between each hybrid
CQD wire, providing an effective splitting photonic
waveguide. The corresponding elemental mapping of
BPW‐PCCs is given in Figure S7. Al is distributed within
the PAA framework, while Si, Cd, and Se from CQD/
SBA‐15 particles are located within PAA channels and
exhibit homogeneous distributions.

2.2 | Optical analysis in BPW‐PCCs

FDTD simulations are utilized to obtain a more
comprehensive understanding of BPW‐PCCs (Figure S8).
The optical analysis is divided into two parts: one part is
the focusing photonic waveguide caused by lens array to
realize directional excitation of incident UV‐blue light,
and the other part is the splitting photonic waveguide
based on directional channels to achieve directional
outcoupling of green‐red photoluminescence light. The
unit BPW‐PCC structure is illustrated in Figure 3A, and
more details of simulations can be found in Note S2. The
lens array at the bottom of BPW‐PCCs as photon collec-
tors efficiently help to focus excitation photons from air
into hybrid CQD wires, largely enhancing the absorbance
to increase excitation efficiency. To visualize a focusing
photonic waveguide, dynamic processes of excitation
light propagation in lens, planar and film structures are
simulated, respectively. Note that the film structure cor-
responds to the conventional thin‐film color converter,
while the lens structure represents the BPW‐PCC with
focusing photonic waveguides; in contrast, the planar
structure represents the BPW‐PCC without focusing
photonic waveguides. Animation of light propagation is
available in Video S1, and electric field changes over time

F I GURE 2 Fabrication and morphology of BPW‐PCCs. (A) Diagram outlining the universal template assembly approach to fabricating
BPW‐PCCs and the corresponding structure schematic. (B) Optical photographs and cross‐sectional SEM images of BPW‐PCCs at the
bottom and middle parts. The scale bars are 5 mm, 300 nm and 1 μm, respectively. BPW‐PCCs, bioinspired photonic waveguide pixelated
color convertors; SEM, scanning electron microscope.
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for different structures are summarized in Figure S9.
Excitation light propagates upward and is focused into
hybrid CQD wires a few femtoseconds after entering lens
structures, exhibiting almost no change for the film case.
Particularly, excitation light energy concentrates within
the hybrid CQD wires as shown in Figure 3B. This
focusing photonic waveguide can realize directional

excitation and has a dramatic impact on the excitation
efficiency of BPW‐PCCs. The excitation enhancement
factor (EEF), defined as the ratio of absorbance for
different structures to that for film structure, is used to
determine the excitation enhancement. Figure 3C shows
the EEF of film structure and planar, lens structure with
different diameters of hybrid CQD wire. The EEF for

F I GURE 3 Optical analysis in BPW‐PCCs. (A) Schematic of unit BPW‐PCC structure. (B and C) Excitation analysis of a focusing
photonic waveguide. (B) Energy density distributions of film and lens structure. (C) EEF of film structure and planar, lens structures with
different diameters of hybrid CQD wire. (D–F) Outcoupling analysis of splitting photonic waveguide. (D) LEE of BPW‐PCCs and energy
density distributions with different diameters of hybrid CQD wire. (E) LEE of BPW‐PCCs with different refractive indices of directional
channels and (F) corresponding energy density distributions. The insets in (D) are the typical refractive index distributions. The scale bars
are 200 nm. BPW‐PCCs, bioinspired photonic waveguide pixelated color convertors; CQD, colloidal quantum dot; EEF, excitation
enhancement factor; LEE, light‐extraction efficiency.
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planar structures with different diameters exceeds that
for film structures, indicating that the color convertors
with hybrid CQD wire contribute to enhanced excitation.
The decreasing discrepancy between the lens and planar
structures with increasing diameter indicates that the
decreasing enhancement effect is due to the hybrid CQD
wires almost filling the entire BPW‐PC at sufficiently
large diameters. Compared to the film structure in con-
ventional color convertors (Con‐CCs), lens structure in
BPW‐PCC exhibits several‐fold EEF, which demonstrates
that the focusing photonic waveguide further helps to
largely enhance the excitation efficiency.

The outcoupling of BPW‐PCCs is analyzed using a
numerical method based on plane wave expansion with
interface reflection and angular distribution to determine
the light power outcoupled into the air.32 A reference
structure without bioinspired photonic waveguides (non‐
BPW) is also established for comparison. We use light‐
extraction efficiency (LEE), defined as the transmittance
ratio of photoluminescence light in BPW‐PCC to that in
non‐BPW structure. As shown in Figure 3D, the LEE
value exceeds 1, indicating more photoluminescence light
can be extracted from color convertors compared to non‐
BPW structure. This is attributed to the splitting photonic
waveguide originated from the directional channel,
allowing emitted photons to bypass hybrid CQD wire to
reduce the non‐radiative recombination loss. A pathway
for photon extraction is generated to facilitate higher
outcoupling efficiency. The LEE decreases with
increasing diameter of hybrid CQD wire, which indicates
an increased energy consumption within the structures,
thereby reducing the outcoupling of photoluminescence
light. In particular, the increase in diameter of hybrid
CQD wires results in a compression of inter‐wire spaces,
reducing the proportion of directional channels and
simultaneously increasing the non‐radiative recombina-
tion loss in hybrid CQD wires, which consequently af-
fects the outcoupling of photoluminescence. The inset
energy density distributions confirm that photo-
luminescence light is primarily confined to directional
channels in BPW‐PCC, while the energy in directional
channel significantly decreases with increasing diameter.
The photoluminescence intensity is simultaneously
affected by the excitation and outcoupling efficiency of
color convertors; thus, the optimal diameter of hybrid
CQD wire (D = 300 nm) is ultimately selected for suc-
ceeding simulations and experiments. We also systemat-
ically investigate the refractive index (n) of the directional
channel to elucidate the origin of the splitting photonic
waveguide in BPW‐PCC. As shown in Figure 3E, LEE
increases with n and reaches a maximum value of 2.4 at
n = 1.5, indicating significantly enhanced outcoupling of
photoluminescence light. For n > 1.5, however, LEE

sharply decreases below that of the non‐BPW structure.
Energy density distributions (Figure 3F) provide an
insight into this trend. At n = 1, the energy has already
been split into directional channel, yet a portion remains
in hybrid CQD wires, reflecting limited outcoupling of
emitted photons. Nevertheless, the short optical path-
length enabled relatively efficient light extraction. In
contrast, n ≈ 1.5 enables more emitted photons to prop-
agate into the channel and ultimately escape BPW‐PCC,
further enhancing LEE. However, further increasing n
dramatically enhances lateral propagation and absorption
by hybrid CQD wires, thereby resulting in severe energy
loss and a reduction in LEE. Overall, a matched refractive
index of directional channel is required to generate an
effective splitting photonic waveguide for enhancing the
extraction of emitted photons, thereby achieving a sig-
nificant boost in outcoupling efficiency.

2.3 | Optical performance and micro‐
LED display application

To integrate with miniaturized optoelectronic devices,
color convertors must be precisely patterned with a high
resolutionwhilemaintaining an ultralow thickness.27,33–36

Despite significant progress in miniaturization integra-
tion, the luminous efficacy (the ratio of luminous flux to
electrical power) of devices using ultrathin color conver-
tors remains disappointingly low and hard to measure,
which is far lower than traditional macro lighting devices
(>200 lm W−1).25,37 In general, the luminous efficacy of
color convertors is related to their thickness, simulta-
neously achieving enhanced excitation and outcoupling
efficiency becomes increasingly challenging as the thick-
ness decreases owing to denser distributions of color
converted materials, impeding their practical applications
in micro‐LED displays. However, our proposed BPW‐
PCCs can maintain ultrathin thickness while largely
enhancing their luminous efficacy. As illustrated in
Figure 4A, Con‐CCs, only dispersing CQD in polymer
matrix, always necessitate a substantial thickness (up to
1000 μm) to facilitate adequate color conversion.
Conversely, BPW‐PCC exhibits a markedly reduced
thickness (approximately 50 μm), rendering it more
amenable for integration with micro‐LED devices. The
bidirectional photoluminescence spectra of BPW‐PCCs
confirm that their strong photoluminescence intensity
asymmetry is attributed to the directivity of the photonic
waveguide originating from the unique bioinspired optical
structures (detailed discussion can be found inNote S3 and
Figure S10). We investigate the absorbance and photo-
luminescence intensity enhancement of BPW‐PCCs
compared to Con‐CCs and NP‐CCs (only dispersing
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CQD/SBA‐15 nanoparticles in polymer matrix), all color
convertors have the same thickness and identical amount
of CQDs. Their absorbance and photoluminescence
spectra are measured as shown in Figure 4B. The absor-
bance of BPW‐PCCs in the excitation spectrum range is
significantly increased due to the implementation of
directional excitation. These results well confirm the
concept of a focusing photonic waveguide, as discussed in
optical analysis, and contribute to a substantial enhance-
ment in excitation efficiency. The excitation light is

focused by the lens array on hybrid CQD wires to enhance
the absorbance of ultrathin color convertors, reaching a
performance level comparable to thick‐film color conver-
tors in millimeters. Furthermore, BPW‐PCCs yield the
highest photoluminescence intensity despite having the
same amount of CQDs and thickness as other color con-
vertors. The introduction of CQD/SBA‐15 particles in NP‐
CC enhances photoluminescence intensity compared to
Con‐CCs (1.67‐fold), consistent with our previous
studies.25 In contrast, the bioinspired photonic

F I GURE 4 Optical performances and micro‐LED display application. (A) Thickness comparison of conventional color convertor (top)
and BPW‐PCC (bottom). (B) Photoluminescence and absorbance performances of BPW‐PCCs. Absorbance (left) and photoluminescence
spectrum (right) comparison of Con‐CC, NP‐CC and BPW‐PCC. (C) Schematic of efficient micro‐LED display application with BPW‐PCCs.
Fluorescent images of patterned BPW‐PCCs (top) and micro‐LED devices (bottom). The scale bar is 2 mm for the fluorescent images,
300 μm for the magnification, and the scale bar is 150 μm for the micro‐LED devices. (D) EL spectra and CIE coordinates comparison of
Con‐LED and BPW‐LED. (E) Unit‐LE and EQE comparisons. BPW‐PCCs, bioinspired photonic waveguide pixelated color convertors; Con‐
CC, conventional color convertor; Con‐LED, conventional LED; EL, electroluminescence; EQE, external quantum efficiency; NP‐CC,
nanoparticle color convertor; unit‐LE, luminous efficacy per unit thickness.
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waveguides endow BPW‐PCCs with an enhanced photo-
luminescence intensity of up to 4.4‐fold. This significant
enhancement in photoluminescence intensity is mainly
attributed to the simultaneously enhanced excitation and
outcoupling of BPW‐PCCs, boosting their overall
efficiency.

To further verify the feasibility of BPW‐PCCs in
micro‐LED displays, large‐area patterned displays of
different colors and pixel sizes are shown in Figure 4C
and Figure S11, exhibiting excellent uniformity and
luminescence. We also investigate the optical perfor-
mances of devices under different injection currents, with
electroluminescence (EL) spectra at a typical injection
current shown in Figure 4D. The integrated intensity of
green and red light emitted from BPW‐LEDs is greatly
enhanced compared to Con‐LEDs under the same con-
ditions. Color coordinates of BPW‐LEDs are concentrated
in the near‐white light region despite a thickness of only
50 μm, while Con‐LEDs remain in the blue light region.
The color proportions are also provided in Figure S13 and
Note S4 to confirm the efficient color conversion of BPW‐
PCCs. Furthermore, luminous fluxes and corresponding
luminous efficacies, obtained by dividing luminous flux
by electrical power, for BPW‐LEDs and Con‐LEDs are
presented in Figure S14. The results demonstrate that the
incorporation of bioinspired photonic waveguides can
facilitate an enhancement in luminous efficacy by an
approximate factor of 45% owing to the stronger excita-
tion and outcoupling of BPW‐PCCs. To compare the
stability and lifespan of BPW‐LEDs and Con‐LEDs, we
have performed harsh aging tests for these devices
without bonding on the heat sink and only with ambient
convention; the injection current was 100 mA. Luminous
flux maintenance (LFM) results for these devices are
shown in Figure S15, which refers to the radio of aging
time‐dependent luminous flux to initial luminous flux.
Evidently, the LFM of BPW‐LED remained almost con-
stant in the initial stage, with only a slight decrease in the
later period; in contrast, Con‐LED rapidly declined before
eventually stabilizing. These results indicate that BPW‐
LED exhibits superior stability and a longer lifespan
compared to conventional devices.

As discussed above, a decrease in thickness results in
a corresponding decrease in luminous efficacy, compli-
cating direct comparisons of luminous efficacy between
color convertors of varying thicknesses. To facilitate such
comparisons, luminous efficacy per unit thickness (unit‐
LE) is proposed and defined as the ratio of device lumi-
nous efficacy to the thickness of color convertors. A
larger unit‐LE indicates a more highly efficient and ul-
trathin color convertor. For convenience, the maximum
unit‐LE of BPW‐LED is marked in Figure 4E for com-
parison with various color convertors in previous studies.

In general, LED devices can be divided into several main
categories according to the thickness of color convertors:
lens, thin‐film, and ultrathin‐film types. Color convertors
can be formed into lens shapes to maximize device effi-
ciency, but unit‐LE of lens type devices is extremely low
due to their large thickness, which is generally adopted in
macro devices. Thin‐film type devices have advantages in
thickness control, ranging from tens of microns to a few
millimeters, but most unit‐LEs for thin‐film type devices
are <400 lm W−1 mm−1, indicating difficulty in meeting
demand for efficient color conversion. Our work achieves
unit‐LE of 1600 lm W−1 mm−1 which is a record efficacy
in reported studies,25,28,37–47 which we summarize in
Table S1. Ultrathin‐film type devices have a thickness of
color convertors ranging from a few microns to tens of
microns, they have ultrahigh concentration CQD depo-
sition with severe intrinsic absorption limitations. The
luminance of ultrathin‐film type devices is too low to be
measured and difficult for practical applications. Thus,
their overall efficiency is usually characterized by EQE.
To compare with ultrathin film‐type devices fairly, the
quantum efficiencies of BPW‐LEDs are measured, and
corresponding EQE values are calculated according to
previous studies.27 More details can be found in Note S5.
As shown in the inset of Figure 4E, ultrathin‐film type
devices in previous reports have a low EQE of 25%–
40%.27,29,48 In contrast, our work achieves high lumi-
nance (equivalent to commercial LED devices) and an
EQE of 48.6%, consistently higher than ultrathin film‐
type devices. These results demonstrate that the pho-
tonic waveguides designed by bioinspired optical struc-
tures endow high excitation and outcoupling of color
convertors, leading to a largely enhanced luminous effi-
cacy of miniaturized devices.

3 | CONCLUSION

We have demonstrated a photonic waveguide concept to
solve the inherent randomness of light propagation in
color convertors. The highly efficient BPW‐PCCs
designed by bioinspired optical structures realize direc-
tional excitation and outcoupling to simultaneously
improve excitation and outcoupling efficiency, boosting
the overall efficiency of color convertors. To demonstrate
this concept, SBA‐15 nanoparticles and PAA membranes
are employed as waveguide templates, and CdSe‐based
CQDs are selected as color converted materials to
construct BPW‐PCCs through a universal template
assemble approach. Optical analyses reveal that the lens
array enables a focusing photonic waveguide that guides
the excitation light to converge on CQDs; concurrently,
the directional channel provides a splitting photonic
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waveguide to enhance the outcoupling of photo-
luminescence light. By using this strategy, we demon-
strate that BPW‐PCCs with 4.4‐fold enhanced
photoluminescence intensity have been realized with
micro‐LED devices to achieve a record‐high luminous
efficacy per unit thickness of 1600 lm W−1 mm−1. In
addition, the color converter thickness of 50 μm still
limits its applications in smaller‐scale miniaturized de-
vices. The overall thickness of our BPW‐PCC is primarily
determined by the PAA membrane thickness; thus, the
thickness can be further reduced by optimizing the
fabrication process of PAA membranes, thereby making
it suitable for miniaturized devices. We believe our bio-
inspired photonic waveguides can be applied for photon
managements in perovskite, MoS2, and InP based CQDs
and facilitate designing nano/micro‐photonic crystal
structures to further improve efficiency. Our approach
also provides a universal way to realize high‐performance
color convertors for future applications in miniature
spectrometers, wide‐color‐gamut augmented reality/vir-
tual reality displays and wearable flexible photoelectric
sensors.

4 | EXPERIMENTAL SECTION

4.1 | Materials

Green and red CdSe‐based CQDs were purchased from
Beijing Beida Jubang Science & Technology Co., Ltd.
Their peak emission wavelengths are 530 and 625 nm,
respectively, and both have a photoluminescence quan-
tum yield of ~85%. Polydimethylsiloxane (PDMS) was
purchased from Dow Corning. Chlorobenzene as the
assisted solvent during CQD dispersion was purchased
from Aladdin Reagents. SBA‐15 particles were purchased
from Nanjing XFNANO Co., Ltd.; their mean pore size
was 11 nm. PAA membranes (mean pore size, 400 nm;
mean pore depth, 50 μm) were purchased from Shanghai
Shangmu Technology Co. Ltd. Blue micro‐LED devices
(pixel size: 80 μm � 80 μm, pixel pitch: 160 μm) were
purchased from Foshan NationStar Optoelectronics Co.,
Ltd.; the peak emission wavelength was 455 nm.

4.2 | CQD/SBA‐15 particles preparation

The Wet‐mixing and sonication methods were used for
nanoscale assemble between CQDs and SBA‐15 particles,
leading to CQD/SBA‐15 particles. The CdSe‐based CQDs
were mixed with SBA‐15 particles at a specific mass ratio

in a chlorobenzene solution; the CQD concentration in
the solution was kept at 5 mg mL−1. Then, the mixture
was mixed uniformly with ultrasound for seconds and
moved to a planetary mixer, until the chlorobenzene was
entirely volatilized.

4.3 | BPW‐PCCs fabrication

A repeated vacuum‐deposition process was employed for
inducing the assembly between CQD/SBA‐15 particles
and PAA membrane. The BPW‐PCCs were fabricated us-
ing the following steps: (1) CQD/SBA‐15 particles were
dispersed in a chlorobenzene solution, and then deposited
onto an PAA chip; (2) the PAA chip was transferred to a
vacuum desiccator, and pimped for 3 h, to remove air from
the pores and guide the solution into PAA channels while
inducing the deposition of CQD/SBA‐15 particles and
volatilizing the solvent, for obtaining hybrid CQD wires;
(3) the PAA chip was wiped with tissue, to completely
remove the top residue of particles; (4) the above steps
were performed repeatedly; (5) the encapsulation process
involves protecting the hybrid CQDwire usingUV‐curable
adhesive to prevent damage during the subsequent peeling
procedure; (6) chemical wet etching was constructed to
eliminate aluminum substrates in PAA chips, obtaining
the BPW‐PCCs. Note that the substrate‐peeling process
produced lens array at the bottom of BPW‐PCCs.

4.4 | Patterned BPW‐PCCs

The patterned color converter is realized through inkjet
printing method during the fabrication process. Localized
deposition of the CQD solution onto PAA substrate en-
ables the patterning of BPW‐PCCs. The resolution of this
patterning is determined by the parameters of inkjet
printing process and the pore dimensions of PAA.

4.5 | Integration with micro‐LEDs

For individual micro‐LED devices, the color converter is
segmented into pixelated units and assembled onto each
device. For micro‐LED arrays, a patterned color converter
is directly integrated with Micro‐LED array module, with
the pattern configured to correspond to the distribution
of Micro‐LED array. Note that the inkjet printing method
are used to fabricate patterned BPW‐PCCs, allowing to
produce color converters precisely tailored to the micro‐
LEDs with various dimensions.
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4.6 | Measurement and characterization

The morphologies of the CQDs, SBA‐15 nanoparticles
and CQD/SBA‐15 particles were measured using a TEM
instrument (Bruker). The morphologies of the prepared
BPW‐PCCs and PAA membranes were characterized us-
ing scanning electron microscopy (SEM, Zeiss, Merlin).
The absorbance and photoluminescence spectra of the
BPW‐PCCs were measured using an ultraviolet‐visual
(UV‐vis) spectrometer (Shimadzu). The optical perfor-
mances of white LEDs were measured by an integrating
sphere system from Instrument Systems, and the injec-
tion current was provided by a power source from
Keithley.
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