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A promising approach for the development of effective full-color displays is to combine blue microLEDs (μLEDs)
with color conversion layers. Perovskite nanocrystals (PNCs) are notable for their tolerance to defects and provide
excellent photoluminescence quantum yields and high color purity compared to metal chalcogenide quantum
dots. The stability of PNCs in ambient conditions and under exposure to blue light can be improved using
a SiO2 coating. This study proposes a device that could be used for both display and visible light communication
(VLC) applications. The semipolar blue μLED array fabricated in this study shows a negligible wavelength shift,
indicating a significant reduction in the quantum confined Stark effect. Owing to its shorter carrier lifetime, the
semipolar μLED array exhibits an impressive peak 3 dB bandwidth of 655 MHz and a data transmission rate of
1.2 Gb/s corresponding to an injection current of 200 mA. The PNC–μLED device assembled from a semipolar
μLED array with PNCs demonstrates high color stability and wide color-gamut features, achieving 127.23% and
95.00% of the National Television Standards Committee standard and Rec. 2020 on the CIE 1931 color diagram,
respectively. These results suggest that the proposed PNC–μLED device is suitable for both display-related and
VLC applications. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.431095

1. INTRODUCTION

Owing to their versatility and tunability, microLEDs (μLEDs)
with sizes less than 50 μm are considered integral components
of next-generation display technology and are able to satisfy the
demands of sophisticated devices, such as cellphones, smart
watches, virtual reality, microprojectors, and ultra-high-
definition TVs [1,2]. Over the past decade, the number of
commercially available μLED displays has grown significantly,
as manufacturers seek to capitalize on the success of this tech-
nology [3]. μLEDs have the potential to surpass organic LEDs
by providing displays with high contrast, a wide color gamut,
high efficiency, and a wide viewing angle, which are additional
to the prospect of translucent and versatile displays [4]. Huang
Chen et al. demonstrated a hybrid quantum dot–nanoring–
μLED that exhibited a color gamut of approximately 104.8%
of the National Television Standards Committee (NTSC)

standard and 78.2% of Rec. 2020 [4,5]. Huang et al. achieved
a record high external quantum efficiency (EQE) for
green and blue QLEDs, and the devices exhibited a record
90% coverage of Rec. 2020, which exhibits lifetimes longer
than 100,000 and 280,000 h for green and red QLEDs for
ultra-high definition displays, respectively [5]. Full-color dis-
plays can be achieved via mass transfer processes using RGB
μLEDs. However, this approach has several drawbacks, such
as low efficiency caused by the so-called “green-gap” originating
from green μLEDs and nonradiative recombination at the sur-
face for red μLEDs owing to the use of AlGaInP as the active
region material [6]. A further problem for red μLEDs is that the
EQE decreases when the pixel size decreases [7]. To address
these problems, blue μLEDs can be integrated with color con-
verters, such as yellow-emitting phosphors or nanocrystals
(NCs) that emit red and green light, to achieve higher
quality full-color displays [8]. Lin et al. successfully fabricated
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high-luminance efficiency and a wide color gamut for an NC-
based solid and hybrid-type WLED device, which exhibits a
higher efficiency (51 lm/W), a wide color gamut (122% of
NTSC and 91% of Rec. 2020), and an efficiency decay of ap-
proximately 12% during a 200 h reliability test [9]. However,
phosphors are not suitable for microdisplay technology because
of their large particle size [10]. In contrast, NCs offer several
compelling features, including the quantum confinement effect
(specifically for quantum dots), a narrow emission spectrum,
high quantum yield, and low manufacturing costs, which
makes them an attractive alternative for phosphors in full-color
displays [11].

Perovskite NCs (PNCs), especially those that are lead-based,
demonstrate significant advantages over conventional semicon-
ductor NC systems, attracting extensive interest from research-
ers and manufacturers seeking to produce cost-effective and
wide-color-gamut displays [12,13]. Nevertheless, PNCs have
some drawbacks. They have, for example, exhibited vulnerabil-
ity under ambient conditions, particularly in the case of red-
emitting PNCs that contain iodine [14]. Water vapor, oxygen,
high temperature, and light irradiation cause alteration to the
crystal structures of PNCs, typically resulting in photolumines-
cence (PL) quenching [15]. Several approaches have been ex-
plored to enhance the stability of PNCs, among which the most
straightforward one is to encapsulate the PNCs in polymer or
inorganic shells, thereby preventing the infiltration of water va-
por and oxygen [16]. However, polymers are also vulnerable
under blue light irradiation, which is inevitable in display tech-
nologies [17]. To address this issue, all-inorganic silica encap-
sulation is adopted for both red and green PNCs in this work,
resulting in excellent stability under ambient conditions and,
specifically, in response to blue light irradiation.

Even if full-color displays are achieved, the stability of color
performance still must be considered. Because of the quantum-
confined Stark effect (QCSE), the emitting wavelength of the
μLED can shift dramatically under different operating currents
[18]. This color shift induced by QCSE is unfavored in display
applications, such as mobile phones or laptops, which typically
need to operate under different lighting conditions. The wave-
length shift can be generated when adjusting the intensity of
the display brightness, thereby affecting its color performance.
To address these problems, the conventional c-plane μLED can
be replaced with nonpolar or semipolar μLEDs that have less
QSCE and can thereby achieve a smaller color shift [19].
Huang Chen et al. reported an RGB full-color semipolar μLED
device, which has a wide color gamut of 114.4% of the NTSC
and 85.4% of the Rec. 2020. The semipolar μ-LED exhibits a
stabilizing wavelength shift of 3.2 nm compared to the c-plane
μLED’s shift of 13.0 nm [20].

In addition to displays, μLEDs have recently been adopted
as transmitters in visible light communications (VLC) systems
because of their quick response time [21]. Being incorporated
with ultraviolet (UV) LEDs, the CsPbBr3 PNCs have also been
recently reported to function as detectors for VLC systems [22].
Because the visible light spectrum is 10,000 times larger than
the radio frequency spectrum, VLC is regarded as an innovative
technology that uses the principle of light modulation to
facilitate high-speed data transmission, especially in enclosed

spaces [23]. Mei et al. reported a packaged 80 × 80 μm c-plane
blue μLED with a modulation bandwidth of 160 MHz [24].
VLC requires light sources that are not only efficient, but also
with a high modulation bandwidth [25]. The modulation
bandwidth is mainly determined by the carrier lifetime, and
it varies depending on the LED configuration because LEDs
grown on the c-plane exhibit longer recombination time due
to the QCSE [19]. In contrast, LEDs grown on semipolar or
nonpolar planes have faster radiative recombination because the
QCSE is reduced [26,27]. The overlap of electron and hole
wave functions in semipolar LEDs is stronger, allowing for
faster radiative recombination and a higher modulation band-
width. As a result, semipolar LEDs perform better in terms of
bandwidth and exhibit a smaller wavelength shift, making them
widely applicable for both high-speed VLC technology and
high-resolution displays [28].

At present, there is a paucity of research on μLEDs that are
suitable for both displays and VLC. In this study, we present a
PNC–μLED device for a full-color display that is developed
using a semipolar (20–21) blue μLED array with green-
emitting CsPbBr3 and red-emitting CsPbBrI2 PNCs coated
with SiO2 to enhance the stability of the PNCs. The PNCs
can successfully maintain the optical intensity after aging more
than 1300 h. In addition, the semipolar (20–21) μLED array
has a favorable wavelength-shift characteristic, which is only
2.7 nm compared to c-plane μLEDs with a similar multiple
quantum well (MQW) design under different current densities.
Moreover, the red and green colors created by the PNCs sig-
nificantly improve the color purity as well as the color gamut,
which can reach 127.23% of the NTSC and 95.00% of the
Rec. 2020. Additionally, the proposed PNC–μLED device has
the potential to be used for VLC applications, providing a
maximum 3 dB bandwidth of 655 MHz and a data transmis-
sion rate of 1.2 Gb/s because of its short carrier lifetime. In
general, the proposed PNC–μLED has a small color shift, large
color gamut, high bandwidth, and strong stability of the SiO2-
coated PNC; thus, the device is a good prospect for use in
display and VLC applications.

2. RESULTS

In this study, semipolar GaN was grown using an orientation-
controlled epitaxy process on a patterned sapphire substrate
(PSS). Details on the PSS and bulk GaN epitaxy can be found
in our previous research [20]. In Fig. 1(a), the Xiamen
University and National Chiao Tung University logos are vis-
ible, over which a 4-inch semipolar (20–21) LED epitaxial wa-
fer and a 2-inch c-plane epitaxial wafer are placed. For both
wafers, the high degree of transparency indicates their uniform-
ity and low defect density. Large-area, low-cost epitaxial tech-
nology aims to improve the potential of semipolar LEDs for
large-scale manufacturing. Figure 1(b) shows the SEM image
of the LED epitaxial layer, with labels indicating the crystalline
planes of GaN with a normal surface orientation toward
(20–21) GaN. In a previous study, Ge doping was found to
modify the N-polar (000–1) facet growth rate and decelerate
the (101–1) growth rate, resulting in the removal of stacking
faults produced in the (000–1) facets [29]. Relative to growth
rates reported for c-plane epitaxy, these reported growth rates
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imply that the crystallinity of the bulk GaN substrate is highly
uniform.

The following processes were implemented to fabricate the
μLEDs. First, we deposited a 200 nm thick layer of indium tin
oxide (ITO) on top of the epitaxial structure of the LEDs.
Then, we used a hydrochloric acid solution in conjunction with
an inductively coupled plasma reactive ion etching (ICP–RIE)
machine to etch a mesa with a depth of approximately 1 μm
into the ITO layer. The μLED samples were annealed at 500°C
for 2 min in pure nitrogen via a rapid thermal process to pro-
duce the optimized p-type ohmic contact. We used lithography
and an electron gun, respectively, to pattern and deposit
n-metal contacts, which consist of a Ti/Al/Ti/Au structure with
a total thickness of 280 nm (comprising 20, 150, 10, and
100 nm layers, respectively). Moreover, atomic layer deposition
(ALD)/plasma-enhanced chemical vapor deposition (PECVD)
processes are used. A 30 nm thick aluminum oxide passivation

layer was grown by trimethylaluminum and H2O, with Ar
purging at 300°C. Then, a 200 nm thick SiO2 layer was grown
by PECVD, with the holes fabricated via ICP–RIE. Finally, we
deposited a Ni/Au composite structure as a p-metal, while a
distributed Bragg reflector (DBR) was deposited on the rear
surface of the wafer. An optical microscope image showing
the sample in unilluminated state is shown in Fig. 1(c). The
schematic cross-section of the μLED sample is shown in
Fig. 1(d). To optimize high performance in VLC properties,
we use ring-shaped electrodes to confine current injection, thus
obtaining a higher current density. Second, we also deposited
an ITO layer as the top contact layer on p-GaN, which can
provide high current injection and reach a high modulation
bandwidth. Additionally, we fabricated the PNC–SiO2 color
conversion layer for the backlight by mixing the red and green
PNCs with the EVA polymer and spin-coating the mixture on
glass substrates to form thin films. The fabrication detail can be

Fig. 1. (a) 4-inch semipolar (20−21) blue LED epitaxial wafer and 2-inch commercially available c-plane InGaN/GaN LED wafer with its rear
side polished; (b) SEM image showing a cross-sectional view of the semipolar LED epitaxial wafer; (c) optical microscopic image of the 30 μm μLED
array sample; schematic diagrams of (d) the semipolar (20−21) μLED structures, (e) the fabrication process and a photo of the color conversion layer,
and (f ) proposed PNC–μLED device.
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found in the Materials and Methods section. Figure 1(e) illus-
trates the fabrication detail and presents a photo of the as-
fabricated films under natural light, which are composed of
CsPbBr3 − SiO2 and CsPbBrI2 − SiO2. In Fig. 1(f ), the color
conversion layer is combined with the μLED, achieving the
white-light PNC–μLED device for the backlight. This back-
light solution is constructed under two considerations. The first
is mass production; the film with mixed green and red PNCs is
more feasible for manufacturing compared to the technique of
printing the red and green PNCs above blue chips, respectively,
to yield red and green pixels. The second is color homogeneity;
the separated red and green pixels inevitably exhibit color
differences among pixels, owing to the slight deviations in
the thickness of the color conversion layer and/or densities
of the PNCs. This can be effectively avoided using the unified
color conversion layer.

For any fluorescent material, efficiency and stability are two
key properties with equal importance. The former represents
the instantaneous energy conversion rate, while the latter rep-
resents the longevity of the energy conversion efficiency. Based
on our experience, CsPbBr3 PNCs are intrinsically more
stable than red-emitting CsPbBrI2 PNCs, but have a lower
PLQY under blue light excitation; on the other hand, iodine-
containing red PNCs have a higher PLQY, but have decreased
longevity against environmental factors. In practice, it is critical
for every type of NC to achieve the best possible balance be-
tween PLQY and longevity. As mentioned earlier, the stability
of NCs can be significantly enhanced by encapsulating them in
a protective shell. Here, we used an all-inorganic SiO2 shell,
although this incurs with some loss to the PLQY. The
all-inorganic material is crucial because it is unaffected by
high-energy photons, such as blue light irradiation, which is
ubiquitous in displays. For iodine-containing NCs, in particu-
lar, introducing the all-inorganic SiO2 shell also facilitates crys-
tallization during the fabrication process, as the pores inside the
SiO2 provide constraints on the growing NCs. In this study, the
SiO2 encapsulation was applied via a high-temperature sinter-
ing method. Before sintering, the mesopores in the molecular
sieve (MS) absorb the precursors, such as CsI, CsBr, PbI2, and
PbBr2. When the sintering temperature reaches 600°C, the
mesoporous structures collapse and enclose the melted precur-
sors inside the SiO2 particles. During cooling, the perovskite
forms inside the SiO2, which constrains the PNCs inside that
facilitate the formation of the crystal phase, thereby ensuring
the high stability of the red-emitting PNCs. The PNC samples
are referred to as CsPbBr3 − SiO2 and CsPbBrI2 − SiO2. The
PNCs are sealed within solid SiO2 particles and are thereby
protected from the detrimental effects of oxygen and water
vapor in the ambient environment. To compare the stability
with traditional encapsulations, we also synthesized solution-
processed PNCs for red and green using a traditional hot in-
jection strategy (HIS) and ligand-assisted reprecipitation
method (LARP), respectively. These solution-processed PNCs
were embedded with ethylene vinyl acetate (EVA) and were
denoted as CsPbBrI2 −HIS and CsPbBr3 − LARP, respectively.

The structural and surface characteristics of the SiO2-coated
PNCs were studied using X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), and energy dispersive

X-ray spectroscopy (EDS). Figure 2 presents the XRD results
for the CsPbBrI2 − SiO2 and CsPbBr3 − SiO2 samples. The
characteristic peaks of perovskite emerge from the broad peak
of the MCM-41 molecular sieve signal. The red line represents
the XRD pattern of CsPbBrI2 − SiO2; because there is no stan-
dard PDF card for CsPbBrI2, we provide the powder diffraction
file of γ−CsPbI3 as a reference. Relative to the peaks in the
γ−CsPbI3 pattern, the characteristic peaks are shifted slightly
toward higher angles, which indicate the possible existence
of CsPbBrI2 − SiO2. This is confirmed by the elementary map-
ping that will be described later. We also compared the char-
acteristic peaks of CsPbBr3 − SiO2 with the standard
ICSD#75-0421 card of cubic phase CsPbBr3. The signals at
15°, 22°, 26°, 31°, 34°, 38°, and 44° were consistent, which
confirms that PNCs were successfully crystallized in the sealed
molecular sieve pores, thereby realizing SiO2-coated PNCs.

The crystal morphology was shown using high-resolution
TEM images at 800,000 magnification, and the specific lattice
spacing was measured. Figures 3(a) and 3(c) show the TEM
images of the CsPbBr3 − SiO2 and CsPbBrI2 − SiO2 PNCs, re-
spectively. The fine structure of both PNC samples is also re-
vealed from the EDS element maps, as illustrated in Fig. 4.
These maps indicate that the spatial distribution of the ele-
ments within the PNCs is highly similar; they are confined to
approximately circular regions surrounded by areas of SiO2.
This further confirms the encapsulation of the PNCs inside
SiO2 shells. The PNCs exhibit approximately spherical shapes
and crystalline structures, which are in stark contrast with the
amorphous SiO2 that surrounds them. In Fig. 4(b), the distri-
butions of Br and I overlap each other, confirming the forma-
tion of CsPbBrI2. As shown in Fig. 3(b), the high-resolution
TEM shows a lattice spacing of approximately 0.440 nm for the
CsPbBr3 − SiO2 sample corresponding to the (110) lattice di-
rection, which confirms the complete crystallization of
CsPbBr3. Although the theoretical lattice spacing of CsPbBrI2
is unavailable due to the lack of a standard card, we still mea-
sured the observed lattice spacing at approximately 0.325 nm,

Fig. 2. XRD patterns of the CsPbBrI2 − SiO2 and CsPbBr3 − SiO2

PNCs.
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as shown in Fig. 3(d). This indicates that the synthesized
CsPbBrI2 − SiO2 PNCs possess excellent crystallization. The
size distributions of PNCs are illustrated in Figs. 3(e) and 3(f )
for CsPbBr3 and CsPbBrI2, respectively, which indicate that
the average sizes are 33 nm and 25 nm, respectively. Such a

large size reveals that the quantum confinement effect can
be neglected. We also post the TEM images of the empty MS
before sintering, as illustrated in the inset of Fig. 3(a). In the
TEM image, a periodic mesoporous structure can be clearly
observed, which reveals that the pore size of MCM-41 is

Fig. 3. TEM images of (a) CsPbBr3 − SiO2 and (c) CsPbBrI2-C PNCs; high-resolution TEM images of the (b) CsPbBr3 − SiO2 and
(d) CsPbBrI2 − SiO2 PNCs; and size distributions of (e) CsPbBr3 and (f ) CsPbBr2. Inset in (a) is the TEM image of MS before sintering.

Fig. 4. EDS element maps of (a) CsPbBrI2 − SiO2 and (b) CsPbBr3 − SiO2 PNCs.
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approximately 4.2 nm. Two questions have been raised. First,
why are the sizes of the PNCs larger than that of the pore size?
Second, why do the PNCs develop a spherical shape instead of
cubic one, similar to those observed in solution-processed
samples?

To answer these two questions, we may consider the forma-
tion of PNCs during the high-temperature sintering process.
Before sintering, these pores are filled with precursor ions.
When the sintering temperature reaches 600°C, the micro-
structure of MCM-41 collapses, whereby the mesoporous
MSs are turned into solid SiO2 particles, which seals the pre-
cursor ions inside. During cooling, the inner walls of the SiO2

particles exert constrains on the precursor; the precursors inside
simultaneously press the inner walls. This mutual pressure is
isotropic, under which the precursor crystalizes into spherically
shaped perovskite, whereas the inner spaces that contain the
expanded perovskite crystals are reshaped into the same spheri-
cal shape. Therefore, in the TEM images of PNC-SiO2, no
periodic structures of the SiO2 can be observed, which
demonstrates that the original mesostructures of MS have been
destroyed during the formation of NCs. The PNC is simulta-
neously formed in a spherical shape, owing to the isotropic
constrains exerted by the SiO2 particle sealing it. The study
by Li et al. also provides a thorough discussion on the formation
of PNCs inside SiO2 MS [30].

The fabrication process is different from those also employ-
ing SiO2 as encapsulations [31,32]. In these studies, the per-
ovskite was synthesized in a solution, using an organic ligand as
confinement, which is susceptible under UV illumination. In
Wang’s study, MS is employed, but only for the mechanical
absorbing of the NCs inside its mesopores without closing
the opening of the pores. This results in insufficient encapsu-
lation; thus, the NC inside is still subjected to erosion.

Figures 5(a) and 5(b) display the absorption and PL spectra
of the two types of PNC samples under UV excitation
(365 nm). The PL emission wavelengths are 660 nm for
CsPbBrI2 − SiO2 and 520 nm for CsPbBr3 − SiO2, with a nar-
row FWHMof 39 and 25 nm, respectively, implying high color
purity. In addition, the narrow line emission widths of the
PNCs suggest a wide color gamut of the PNC-based μLEDs.
Figures 5(a) and 5(b) show the PNCs possess large absorption
in the blue light region, indicating that the PNCs can absorb a
certain amount of blue light from the μLED. Therefore, they
are suitable for use as color converters in full-color displays. In
addition, this overlap shows that there is a strong coupling be-
tween the excitons in the MQWs and the absorption dipoles of
the PNCs [33]. The results for the longevities of the PNCs
under ambient and blue irradiation are illustrated in Figs. 5(c)
and 5(d), and the solution-processed samples exhibit faster deg-
radation. For ambient aging, the L70 lifespans (the time at
which the light intensity decreases to 70% of its initial value)
of the solution-processed green CsPbBrI3-LARP and red
CsPbBrI2-HIS PNCs are estimated to be 120 and 30 h, re-
spectively, while the corresponding values for the blue light
irradiation are 15 and 50 h, respectively. In stark contrast, the
SiO2-embedded samples exhibit remarkable stability, showing
no degradation under identical aging conditions. These results
confirm that encapsulating the PNCs within SiO2 shells not
only provides an enclosed environment that prevents exposure
to water and oxygen, but also protects the PNCs from blue light
radiation, which destroys traditional polymer shells.

Figure 6 illustrates the optical and electrical characteristics of
the μLED array device. The current density-voltage (J-V) char-
acteristics of the semipolar (20–21) blue μLED array with a
chip diameter of 30 μm is shown in Fig. 6(a); the inset repre-
sents the optical image of the illuminated semipolar μLED

Fig. 5. UV-vis absorption and PL spectra of (a) CsPbBrI2 − SiO2 and (b) CsPbBr3 − SiO2. The PL properties of the red and green PNCs, as well
as the solution-processed samples, are shown in response to (c) ambient and (d) blue light exposure.
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array. The device has a forward turn-on voltage of 3.6 V with a
maximum applied current density of 7076.4 A=cm2, sug-
gesting good material characteristics and high device perfor-
mance. Figure 6(b) shows the electroluminescence (EL)
spectra of the semipolar (20–21) blue μLED array for different
injection currents, ranging from 2 to 200 mA. The EL spec-
trum shows a peak wavelength of 451.3 nm corresponding to
an injection current of 200 mA with a slight blue shift as the
current increases to 200 mA, which is attributed to the screen-
ing effect of QCSE due to increased free carriers and the band-
filling effect of the localized energy states. The stability of the
EL spectrum and the negligible wavelength shift in response to
the increasing current are attributed to a reduction in the
polarization-related electric field and the QCSE, indicating that
these devices outperform their c-plane counterparts. This is due
to the growth of MQWs on the semipolar facets of GaN.
Figure 6(c) shows the wavelength peak and the FWHM shift
in response to the increasing injection current density, where a
negligible wavelength shift (only 2.7 nm) is observed.
According to the stable EL spectrum, the FWHM is expected
to decrease when the injection current decreases. However, the
FWHM of the EL spectra increases from 22.02 to 23.42 nm,
which is due to the band filling effect in the InGaN/GaN
MQWs [34]. The dependence of the EQE on the injection
current density and the emitted power of the semipolar μLED
array are shown in Fig. 6(d). The emitted power continues to
increase as the injection current increases. The peak efficiency
corresponds to a low forward current density of 8.91 A=cm2,
followed by an efficiency droop of 69.0% as the injection cur-
rent density increases to 7074 A=cm2. This significant decline

in efficiency is likely due to the device overheating. Further
optimization of the chip fabrication process is expected to im-
prove the efficiency droop problem.

In addition, the optical polarization characteristics of the
semipolar μLED array, which are key features for display appli-
cations, are studied. Many studies report that semipolar or non-
polar μLEDs exhibit a high polarization ratio owing to their
anisotropic polarized emission, which is an advantage com-
pared with c-plane devices [35,36]. Figure 7(a) displays the
maximum and minimum intensities of the polarized light emis-
sion from a semipolar array comprising four 30 μm μLEDs,
with the result resembling a cosine function. The polarization
ratio (P) can be calculated using

P �
Imax − Imin

Imax � Imin

, (1)

where Imax and Imin are the maximum and minimum inten-
sities of the polarized light transmitted by the polarizer, respec-
tively. For the blue semipolar μLED array, P is determined to
be 0.32, and this high polarization ratio is attributed to the
separation of the top two valence bands caused by the aniso-
tropic strain [28]. In the LCD, a polarizer is used to convert the
light from the backlight into polarized light, causing a larger
power loss. Owing to this polarization ratio of 0.32, when
the light of the semipolar μLED passes through the polarizer,
the transmittance becomes 66%, which exceeds the value of
50% of the natural light. Furthermore, the semipolar μLED
can be implemented by polarization-division multiplexing to en-
hance the rate of data transmission and add another degree of
freedom that can amplify the transmission capacity. According

Fig. 6. (a) Current density–voltage (J–V) curve for the 30 μm μLED array and its illuminated image; (b) EL spectra for different injection
currents; (c) peak wavelength shift and FWHM as a function of current density; and (d) EQE and emitted power as a function of current density.
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to this polarization ratio, a high modulation bandwidth is ex-
pected for this semipolar blue μLED array. Figure 7(b) shows
the time-resolved photoluminescence (TRPL) measurements
of the semipolar blue μLED array, red-emitting PNCs, and
green-emitting PNCs with PL peaks at 450, 650, and
508 nm, respectively. The PNCs were excited using a
450 nm laser, while the blue μLED array was excited using a
365 nm UV source. The normalized TRPL trace is given as

I�t� � α1 exp

�

−

t

τ1

�

� α2 exp

�

−

t

τ2

�

, (2)

where I�t� is the luminous intensity, τ1 and τ2 represent the
radiation decay time under different mechanisms, and α1 and
α2 represent the radiation attenuation ratio under different
mechanisms. The specific values of these parameters are reflected
in Fig. 7(b). According to

τave �
α1τ1 � α2τ2

α1 � α2
, (3)

the average lifetimes τave were found to be 1.52, 24.86, and
5.27 ns for the semipolar blue μLED array, green PNCs, and
red PNCs, respectively. It was found that the minority carrier
lifetime of the semipolar device is extraordinarily short; this is
attributed to the less-polarized electric field, which results in
greater overlap of the electron-hole wave function. In addition,
this shorter lifetime will lead to a faster carrier recombination and
a higher modulation bandwidth for the semipolar device.
Further, the carriers are distributed more uniformly in the
active region of semipolar μLEDs owing to the rectangular-
shaped barrier, which enables carriers to have a faster transport
mechanism.

Next, the VLC performance of the PNC–μLED was
studied, as shown in Fig. 8. The modulation bandwidth

Fig. 7. (a) Polarization characteristics of the 30 μm × 4 semipolar μLED array; and (b) TRPL curves for the semipolar μLED array and the PNCs.

Fig. 8. (a) Schematic diagram for bandwidth measurement; (b) frequency response for the PNC–μLED; (c) schematic diagram for the eye diagram
measurement; (d)–(f ) eye diagrams of the PNC–μLED at 1.0, 1.2, and 1.5 Gb/s, respectively.
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measurement was performed using a vector network analyzer
(VNA; Keysight E5071C). As shown in Fig. 8(a), a bias tee
(11612A, 45 MHz–26.5 GHz) combines AC signals from
the VNA with DC signals from the current source and applies
it to the PNC–μLED, which was probed by a high-speed
microprobe (ACP40-GS-250, DC–40 GHz). The PNC band-
width is approximately tens of MHz, which is considerably
lower than that of the μLED. Therefore, a filter is used to re-
move the red and green light generated by PNCs in the experi-
ment [27]. The blue light passing through the filter was
collected using an optical fiber, which was coupled with an
avalanche photodiode (APD) (SPA-3, DC–2 GHz). The con-
verted signal was traced back to the VNA, where the modula-
tion bandwidth was measured. Figure 8(b) shows the frequency
response of the PNC–μLED, revealing that the 3 dB band-
width increases, owing to the higher injected carrier density
in the active region as the injection current increases. This re-
sults in a built-in electric field and decreased carrier lifetime.
The highest 3 dB bandwidth was measured as 655 MHz, cor-
responding to an injection current of 200 mA (current density
of 7074 A=cm2 ). This is quite promising for VLC applica-
tions, as shown in the inset of Fig. 8(b). The proportionality
of the 3 dB bandwidth in response to an increase in the current
implies that the 3 dB bandwidth is not limited by the RC delay.
Therefore, the modulation bandwidth is not influenced by the
RC time constant, but by the recombination lifetime. In
Fig. 8(c), the Keysight M8190A produced the back-to-back
non-return-to-zero on-off key (NRZ-OOK) 27 − 1 pseudoran-
dom bit sequence (PRBS-7), and the Keysight DSAV134A
oscilloscope reported the eye diagram results. The eye diagrams
of the PNC–μLED were clear and open at 1.0 and 1.2 Gb/s, as
shown in Figs. 8(d)–9(f ), owing to the sufficiently high value of
the 3 dB bandwidth. However, due to a comparatively poor
SNR, the eye becomes unclear when the data rate approaches
1.5 Gb/s, although using high-level modulation techniques is
supposed to achieve a higher data rate.

Figure 9 presents the performance of the PNC–μLED
for the display backlight application under different current

densities between 2.55 and 203.83 A=cm2. Because of its nar-
row EL spectrum, the RGB pixel assembled from the semipolar
μLEDs and PNCs exhibited a wide color gamut of 127.23%
of the NTSC and 95.00% of the Rec. 2020. The PNC–μLED
device fabricated in this study using a semipolar μLED array
with red and green PNCs showed significant color stability
and wide color-gamut characteristics, demonstrating tremen-
dous potential for display backlight applications.

Therefore, the device proposed in this study could be used
for display applications when operated at low current densities,
while at high current densities it could be used for VLC
applications. If the device is required for display and commu-
nications simultaneously, for the safety of the user’s eyes, the
device should work at the low current density region, which is
below 200 A=cm2. In this case, the μLED bandwidth may not
reach the highest value, but it can still reach approximately
245 MHz at 203.83 A=cm2, which is sufficient for normal
communications scenarios. Moreover, compared to conven-
tional c-plane μLEDs, the semipolar μLED array proposed here
not only reduces the color shift at different current densities but
also increases the rate of carrier recombination, thereby increas-
ing the modulation bandwidth for VLC applications. The
SiO2-coated PNCs proposed in this study possess greatly en-
hanced stability and can achieve a wide color gamut for display
applications.

3. DISCUSSION

Highly stable PNCs were manufactured with a SiO2 coating,
exhibiting high PL performance and high color purity due to
their narrow FWHM. The semipolar μLED array exhibits great
potential for display-related and VLC applications, as exempli-
fied by its negligible wavelength shift, high polarization proper-
ties, and peak 3 dB bandwidth of 655 MHz under an injection
current density of 200 mA. A full-color display, fabricated using
the semipolar μLED array with PNCs, exhibited high color sta-
bility and wide color-gamut features, achieving 127.23% of the
NTSC and 95.00% of the Rec. 2020 on the CIE 1931. The Cs

Fig. 9. (a) Color gamut of the PNC–μLED under different current densities; and (b) color shift of blue semipolar μLEDs under different current
densities.
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and Pb in the PNC-SiO2 samples may raise concerns on envi-
ronmental issues. In our opinion, the solid sealing of SiO2 will
prevent the leakage of these poisonous elements, which will
lower the potential environmental hazards. These characteris-
tics demonstrate tremendous potential for such PNC-μLED
devices to be used for full-color displays and in VLC
applications.

4. MATERIALS AND METHODS

A. Synthesis of CsPbBrI2 − SiO2 and CsPbBr3 − SiO2

PNCs

A precursor solution was prepared by mixing a particular
amount of precursor salts with MCM-41 molecular sieve
(masses are listed in Table 1) and dispersing this mixture in
25 mL of purified water. Next, the precursor solution was sub-
jected to ultrasonic vibration for 20 min and stirred vigorously
for 10 min to improve dispersion. The precursor solution was
transferred to a crucible and placed in a tube furnace filled with
high purity Ar gas. The temperature of the tube furnace was
first raised to 200°C, and it was maintained for 1 h to evaporate
the water. Then, continuous sintering was performed at a
temperature of 750°C for 30 min with an Ar flow rate of
15 mL/min. Subsequently, the samples were cooled to room
temperature under Ar protection, during which their colors
gradually changed, finally crystallizing into PNCs. The final
CsPbBrI2 − SiO2 was immersed in purified water and subjected
to a second ultrasonic vibration, then washed and filtered by
suction, and dried in a vacuum evaporator at 40°C.

B. Synthesis of PNC CsPbBr3-LARP

We followed a typical ligand-assisted reprecipitation method
(LARP). We mixed CsBr (0.2 mmol) with PbBr2 (0.4 mmol)
and added the mixture to a DMF (5 mL) solution, which was
stirred magnetically for 4 h until the precursor mixture was
completely dissolved. Next, butyric acid (BA, 300 μL) and
oleylamine (OAm, 160 μL) were added as the ligand for the
precursor solution. Simultaneously, we dissolved 0.5 g of EVA
in 5 mL of toluene. Then, 200 μL of the precursor solution was
added dropwise to the EVA-toluene mixture and stirred vigo-
rously. Finally, after the gradual volatilization of the toluene, we
obtained CsPbBr3 PNCs embedded in EVA composite films.
This sample is hereafter referred to as PNC CsPbBr3-LARP.

C. Synthesis of PNC CsPbBrI3-HIS

This sample was fabricated using the traditional hot injection
strategy (HIS) in a two-step process.

Step I: Preparation of Cs-oleate precursor. 0.407 g of
Cs2CO3, 1.25 mL of oleic acid, and 20 mL of 1-octadecene
(ODE) were accurately weighed and mixed in a 100 mL three-
necked flask. The mixture was heated to 120°C in vacuum for
1 h to remove water and oxygen. Then, the temperature was

increased to 150°C in a N2 environment and maintained for
10 min until the Cs2CO3 was completely dissolved. The Cs-
oleate precursor solution was stored in a refrigerator and main-
tained at 100°C before use for the syntheses of PNCs.

Step II: Synthesis of PNC CsPbBrI2-HIS. In this pro-

cedure, 0.0918 g of PbBr2, 0.2305 g of PbI2, 20 mL of ODE,

2.6 mL of oleic acid, and 2.6 mL of OAm were mixed in a

100 mL three-necked flask. Water and oxygen were removed

under vacuum conditions for 30 min at 120°C. Next, the tem-

perature was increased to 180°C under flowing N2 and main-

tained for 10 min. Subsequently, 1.6 mL of Cs-oleate precursor,

which was pre-heated at 100 °C, was injected rapidly into the

Pb-oleate solution. After approximately 5 s, the three-necked

flask was placed in an ice bath and cooled to room temperature.

Then, the crude solution was centrifuged at 8000 r/min for

5 min. Finally, the supernatant was discarded, and the precipi-

tate was dispersed in toluene. The final sample is hereafter re-

ferred to as PNC CsPbBrI2-HIS.

D. Fabrication of PNC-SiO2 Color Conversion Films

In this process, 0.03 g of CsPbBrI2 − SiO2 and 0.03 g
CsPbBr3 − SiO2 were mixed with 10 mL toluene, and the mix-
ture underwent supersonic vibration for 10 min. Some EVA
was dissolved into the mixture, and it was heated to 50°C while
stirring for 30 min. The mixture was then spin-coated
(1800 rad/s) on a glass substrate to obtain films with homo-
geneous thickness. The film was excited by a blue LED under
a driving current of 50 mA.

Characterization of PL and absorption: The PL was mea-
sured by a spectrometer (F-7000, Hitachi, Ltd., Tokyo,
Japan) under excitation of a 450 nm blue light source; the ab-
sorption spectra were measured by a UV-2550 (Shimadzu,
Kyoto, Japan).
Characterization of XRD: A SmartLab SE (Rigaku, Tokyo,
Japan) instrument was used to perform the XRDmeasurements
of the samples for a 2θ range from 10° to 60°.
Characterization of TEM and EDS: TEM images were ac-
quired using a JEM 2100 (JEOL Ltd., Tokyo, Japan) and a
Talos F200X (Thermo Fisher Scientific, Waltham, MA,
USA). The samples were prepared using a focused ion beam
by a Helios 660 (Thermo Fisher Scientific). The EDS elemen-
tary mapping images were acquired using the Talos F200X
built-in camera.
Characterization of TRPL: The TRPLs were tested by
an FLS-980 series of fluorescence spectrometers (Edinburgh
Instruments, Livingston, Scotland, UK). The excited source
of NC was a 450 nm blue laser, and we selected a 365 nm
UV source as the excitation light source for our blue μLED.
Aging test: To test the durability of the fabricated PNCs, an
ambient storage and a blue light illumination test were carried
out. The ambient storage test was conducted with approxi-
mately 70% relative humidity at 25°C without direct light il-
lumination. For the blue LED illumination test, 450 nm LEDs
(powered by a 50 mA DC current) were employed as the blue
light sources. The test was performed at room temperature and
the average distance between the blue LED chip and sample
was 1 cm. For both ambient and blue light illumination tests,
the PL spectra of the samples were measured under the exci-
tation of 356 nm LEDs at certain intervals using a spectrometer

Table 1. Precursor Masses

Samples CsBr (g) PbI2 (g) PbBr2 (g)

MCM-41

(all-silica) MS (g)

CsPbBrI2 − SiO2 0.73 1.59 0 2.00
CsPbBr3 − SiO2 0.73 0 1.27 2.00
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