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Chapter

Full-Color Micro-LED Devices 
Based on Quantum Dots
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and Hao-Chung Kuo

Abstract

Quantum dots (QDs) show remarkable optical and electrical characteristics. They 
offer the advantage of combining micro-LEDs (μLEDs) for full-color display devices 
due to their exceptional features. In addition, μLED used in conjunction with QDs as 
color-conversion layers also provide efficient white LEDs for high-speed visible light 
communication (VLC). In this article, we comprehensively review recent progress 
in QD-based μLED devices. It includes the research status of various QDs and white 
LEDs based on QDs’ color conversion layers. The fabrication of QD-based high-
resolution full-color μLEDs is also discussed. Including charge-assisted layer-by-layer 
(LbL), aerosol jet printing, and super inkjet printing methods to fabricate QD-based 
μLEDs. The use of quantum dot photoresist in combination with semipolar μLEDs is 
also described. Finally, we discuss the research of QD-based μLEDs for visible light 
communication.

Keywords: quantum dots, micro-LEDs, full-color displays, visible light communication

1. Introduction

Light-emitting diodes (LED) have been widely used in daily life due to their 
advantages of high efficiency, energy saving, and long working life, such as light-
ing sources, full-color displays, and backlight sources of liquid crystal displays [1]. 
Recently, mobile device displays, such as smart furniture, augmented reality (AR), 
virtual reality (VR), and wearable devices have piqued extensive attention from the 
semiconductor industries and research on micro-LEDs (μLEDs), which are referred 
to as chips with sizes less than 50 × 50 μm2 [2]. Due to their excellent properties in 
terms of brightness, lifetime, resolution, and efficiency, μLEDs have been considered 
the most promising next-generation display technologies [3]. The potential of μLEDs 
to replace conventional display technologies is owing to the combination of their 
self-emissive mechanism and inorganic material characteristics. Over the past decade, 
the number of commercially available μLED displays has grown significantly, as 
manufacturers seek to capitalize on the success of this technology. Sony introduced 
its first 55-inch full high-definition (HD) μLED TV panel with 1920 × 1080 resolu-
tion in 2012, which consists of over 6 million individual μLEDs. Samsung unveiled 
the world’s first consumer modular μLED 146-inch TV in 2018, which is named “The 
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Wall.” In 2022, Samsung will launch a new μLED TV with 25 million pixels, providing 
vivid colors,high definition, and contrast, and also supports 20-bit grayscale depth, 
more than 1 million levels of brightness and color. In the academic field, μLEDs have 
been studied for more than 10 years.

In addition to displays, μLEDs have recently been adopted as transmitters in vis-
ible light communication (VLC) systems, based on their quick response times [4]. 
Currently, radio frequency (RF) communication faces some challenges, such as 
interference, bandwidth limitations, security issues, transmission power limita-
tions, and power inefficiency [5]. VLC is an emerging technology that addresses the 
crowded radio spectrum, using visible light to communicate to enable high-speed 
internet connections. As a light source that is harmless to human body, LED can 
have both lighting and communication functions when used in VLC, which can save 
extra power [6].

The modulation bandwidth of an LED is constrained by the carrier lifetime and 
the time constant consisting of capacitance of a depletion layer and junction dif-
ferential resistance. Due to their small size, μLEDs can withstand higher injection 
current densities, thereby enabling smaller carrier lifetimes and higher modulation 
bandwidths. In addition, a smaller active area will reduce the geometric capacitance 
of the device, thereby reducing the RC time constant. In addition, μLEDs also have 
better current uniformity, which will also increase the modulation bandwidth featur-
ing exclusive properties making μLEDs widely applicable for high-speed VLC system.

2. Full-color μLED display based on quantum dots

2.1 Background of full-color μLED display

The commonly used full-color strategy is employing the combination of  
red–green–blue (RGB) μLED devices in a display. However, this approach has a 
number of drawbacks. First, the so-called “green gap” created by green μLEDs results 
in low efficiency [7]. For green LEDs, a high proportion of indium is required in the 
active region, which requires relatively low growth temperatures, resulting in poor 
crystal quality of the LED epitaxial layers. In addition, high proportions of indium 
produce strong polarization fields in InGaN/GaN multiple quantum wells (MQWs) 
and lead to strong quantum-confined Stark effects, reducing recombination effi-
ciency [7]. Also, red μLEDs are problematic. The active region of the red LED consists 
of AlGaInP material, which has a high surface recombination velocity (~106 cm/s) [8], 
coupled with a long carrier diffusion length of about a few microns, making non-
radiative surface recombination much more efficient [9]. Therefore, as the device size 
shrinks to a few microns, the EQE degradation of red μLEDs is more severe than that 
of blue and green μLEDs. Another problem in the RGB μLED strategy is the mismatch 
of drive voltages between RGB pixels. The threshold voltage of the blue LED is about 
3.3 V, while the threshold voltages of the red and green LEDs are 1.7 and 2.2 V, which 
complicates the driver circuit design.

To address these issues, blue μLEDs can be integrated with color converters, such 
as yellow-emitting phosphors or red and green-emitting nanocrystals (NCs), for 
higher-quality full-color displays [10]. To date, extensive research and development 
have been carried out on phosphor materials for PC-LEDs. Lin. Wait. Successfully 
fabricated high luminance efficiency and wide color gamut for NC-based solid-state 
and hybrid WLED devices, which exhibited higher efficiency (51 lm W−1), wide color 
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gamut (122% of NTSC and 91% of Rec. 2020), and the efficiency decays by about 12% 
during the 200-h reliability test [11]. However, organic or inorganic phosphors are 
generally not suitable for μLED displays due to their spectral width and asymmetry, 
inherent instability, low red phosphor efficiency, down conversion energy loss, and 
low absorption cross-section in the blue/UV wavelength region [12]. In addition, the 
particle size of conventional phosphors may be comparable to or larger than that of 
μLED chips, which will affect device performance.

2.2 QD-based color conversion for μLEDs

Quantum dots (QDs) are nanoscale semiconductor crystals, and whose  electrical 
and optical properties can be tuned by changing their sizes [13, 14]. Compared 
with traditional fluorophores, several QD photophysical properties are distinct and 
unmatched. The first is the ability to tune photoluminescence emission according to 
the core size and quantum confinement effects of semiconductor binary combina-
tions. This unique advantage allows one to control the emission properties of QDs by 
controlling the core size [1]. In addition, QDs have broad absorption spectra, starting 
with blue emission and then steadily increasing towards UV. As combined with the 
aforementioned properties, quantum dots have emerged as omnidirectional attractive 
fluorophores for full-color displays.

Core-type QDs, such as CdSe, CdS, or CdTe, are the most studied and commer-
cialized QDs due to their excellent optical and electrical properties [15, 16]. Using 
these precursors, high fluorescence quantum yields of up to 80% have been reported 
[17, 18]. However, many heavy metal elements are contained in such quantum dots, 
and Core-type QDs will pollute the environment, which limits their wide applica-
tion. To prevent the use of toxic metal elements for the persistent development of 
QD-based products, the fabrication of Cd/Pb-free QDs has become a subject of 
intense interest in recent years. In 2020, Soheyli et al. reported a novel aqueous-phase 
approach for the preparation of multicomponent In-based QDs. Absorption and 
photoluminescence emission spectra of the as-prepared QDs were tuned by alteration 
of QDs’ composition as Zn-Ag-In -S/ZnS, Ag-In-S/ZnS, and Cu-Ag-In-S/ZnS core/
shell QDs [19]. However, such materials have extremely small color gamut and color 
purity and are not suitable for display applications [20].

As an environmentally benign material belonging to the III–V group semiconductor, 
InP is deemed as another promising candidate to replace Cd/Pb-based QDs [21]. InP 
QDs are typical III–V group semiconductor nanocrystals that feature large excitonic 
Bohr radius and high carrier mobility [22]. Owing to the merits of low toxicity, 
high QYs, and broad color tunability, InP QDs are particularly suitable to construct 
LEDs for indoor/outdoor illumination, traffic signaling, and liquid-crystal display 
backlighting [23]. In general, InP QDs can be applied in μLEDs either as a photolu-
minescent layer or an electroluminescent layer. In 2015, Zhang et al. demonstrated 
a single “cadmium-free” component system consisting of Cu-doped InP core/ZnS 
barrier/InP quantum well/ZnS shell QDs [24]. These QDs exhibit two emission peaks 
by controlling the barrier thickness under single-excitation wavelength, one of which 
is attributed to Cu-doped InP, and the other resulting from InP quantum well. Using 
optimal structures as color converters, the WLED was obtained with a color rending 
index (CRI) up to 91 and CIE color coordinates of (0.338, 0.330) by combination with 
blue LED chip.

The metal halide perovskites QDs (PQDs) are considered the next generation 
thin-film LED light emitters because of their outstanding characteristics compared 
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to colloidal QDs, which are derived from their narrower FWHM (below 30 nm) [25]. 
Tunable narrow and symmetrical PL peaks in the visible spectral range can be 
achieved by tuning the halide composition in perovskite materials. This property 
yields greater color purity, higher photoluminescence quantum yield (approaching 
100%), more convenient synthesis, and lower manufacturing costs than conventional 
QDs [26]. In addition, PQDs have short carrier recombination lifetimes, which also 
lays the foundation for their application in the development of white-light VLC sys-
tems with high modulation bandwidth [27]. The ability to easily handle colloidal PQDs 
in solution enables the production of cost-effective large-area light-emitting layers 
[28]. Therefore, PQDs have been extensively studied in electronic and optoelectronic 
applications, such as photodetection, photovoltaics, and photoemission; especially as 
active materials or color converters in LEDs. To date, various PQD-based white LEDs 
have been reported using diverse structural designs that feature different advantages 
and disadvantages. However, due to poor thermal resistance and instability under high 
energy radiation, most PQD-based white light-emitting diodes (WLEDs) show only 
modest luminous efficiency of approximately 50 lm/W and a short lifetime of <100 h.

In 2019, Kang et al. demonstrated a new type of PQD film called PQD paper by 
using cellulose nanocrystals (CNCs) [29]. Figure 1(a) schematically shows the fabri-
cation process of the PQD paper. The CNC suspension and CH3NH3PbBr3 are com-
bined in dimethylformamide, upon which the mixture is dried on the membrane to 
produce the PQDs paper. As shown in Figure 1(b), the entangled CNC structure was 
clearly demonstrated by SEM. With the help of the CNC structure, the PQD paper 
performs the flexibility and unique mechanical strength. The size of the PQDs was 
≈3−8 nm, which can enhance the light emission of perovskite by the provided strong 
quantum confinement, as shown in Figure 1(c). Figure 1(d) illustrates the flux and 
current-dependent luminous efficiency of the PQD paper-based LED, the inset shows 
the emission of white LED. It can be clearly observed that the PQD paper-based LED 
has an ultrahigh luminous efficiency of 124 lm W−1 and still exhibits a luminous effi-
ciency of over 100 lm W−1 even when the drive current increases to 50 mA. Moreover, 
after continuously working for 240 h, the PQD paper-based LED can maintain 87.6% 
luminous flux. Compared to the normal flat design, by using curved PQD paper, the 
viewing angle of LED was increased from 120° to 143° benefiting from the flexible 
nature of paper. This work also shows the fabricated white LEDs have a wide color 
gamut of 123% of NTSC standard and 92% of Rec. 2020, as shown in Figure 1(e).

2.3 Fabrication of QD-based μLEDs for high-resolution displays

QD-based display technology has proven to be ideal for next-generation displays. In 
order to meet the needs of achieving high-resolution display, RGB QDs with sufficiently 
high pixel density need to be deposited on top of the substrate surface of μLED array. 
The μLED device realized in this way can replace the traditional OLED or LCD display 
to realize an ultra-high-definition display, for example, to meet the needs of AR/VR or 
ultra-high-definition TV. QD deposition and patterning techniques on a selected area of 
a substrate remain the major bottlenecks in realizing such devices. Therefore, in recent 
years, researchers have been exploring facile and efficient QDs patterning techniques, 
such as spray coating, aerosol jet printing, super-inkjet printing, etc.

To accurately locate QDs on the μLED array, the inkjet printing (IJP) has become 
a key technology for realizing QD-LED display. In 2015, Han et al. combined ultra-
violet (UV) μLED and colloidal QDs to achieve a full-color display. RGB QDs were 
deposited on an array of GaN-based UV μLEDs with the help of an aerosol inkjet 
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printer to ensure fine printing that is highly precise and mask-less and to enable 
noncontact deposition of liquids containing functional materials [30]. MQWs μLED 
arrays are grown on sapphire substrates. The UV micro-LED array is fabricated on 
a UV epitaxial wafer with a peak wavelength of 395 nm. Since pixels in the same 
column share an electrode of n-type GaN, the GaN is dry-etched into the sapphire 
substrate to create isolation trenches to isolate all micro-LED arrays. When the array 
is complete, the RGB QDs are sequentially sprayed onto the microLED array using 

Figure 1. 
(a) Schematic of the fabrication process of the PQD paper. (b) SEM image of the PQD paper surface. (c) TEM 
image of the CH3NH3PbBr3 PQDs obtained from the paper. The electron diffraction pattern in the inset reveals 
the high crystallinity of the PQDs. (d) Current-dependent luminous efficiency and luminous flux of the PQD 
paper-based LED. The inset shows the emission of white LED. (e) CIE diagram illustrating the color gamut of the 
NTSC standard, the Rec. 2020 standard, and the PQD paper-based LED [29]. Figure reproduced with permission 
from John Wiley and Sons.
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aerosol jet printing. The concentration of RGB QDs is about 5 mg/ml. Among the 
process parameters of aerosol jet printing, the working distance, table speed, carrier 
gas flow, sheath gas flow, and atomization frequency need to be adjusted to obtain a 
spraying line width of 35 μm. The working distance and table speed between the noz-
zle and the substrate were 1 mm and 10 mm/s, respectively. However, the cross-talk 
effect still occurred during the QD deposition due to the overflow of QDs during the 
solvent evaporation. To address the problem of cross-talk during QD deposition, the 
position of the QD must be restricted. In 2017, Lin et al. demonstrated a significant 
reduction in the cross-talk effect during the AJ printing process by using a photoresist 
(PR)-defined mold with a blocking wall to confine QDs [31]. Figure 2 shows the fab-
rication process of the monolithic device. First, UV micro-LED arrays were fabricated 
on UV wafers with a peak wavelength of 395 nm and a pitch size of 40 μm. Isolation 
trenches are formed by etching GaN on a sapphire substrate. Through the dry etching 
process, SiO2 is used as a hard mask. Finally, p-electrode stripes are defined on top 
of the chip, n-electrode stripes are defined on the n-GaN layer, and all pixels in the 
same row are connected. By aligning the window of the mold with the micro-LED 
mesa, as shown in Figure 2(b)–(e), AJ RGB QDs can be efficiently deposited on the 
micro-LED mesa area without overlapping the trench area. The printing parameters 
of different quantum dots need to be optimized. For blue QDs, the working distance 
is 1 mm, the carrier gas flow rate is 66 sccm, the sheath gas flow rate is 11 sccm, and 
the stage speed is 10 mm/s. For green QDs, the working distance is 1 mm, the carrier 
gas flow rate is 72 sccm, the sheath gas flow rate is 15 sccm, and the stage speed is 
10 mm/s. For red QDs, the working distance is 1 mm, the carrier gas flow rate is 83 
sccm, the sheath gas flow rate is 17 sccm, and the stage speed is 10 mm/s.

Pixels of an RGB display are demonstrated after depositing QDs on micro-LEDs 
using AJ on a die that has been window-confined. Figure 3(a) shows the microscope 

Figure 2. 
Process flow of the full-color microdisplay. (a) The structure of the micro-LED arrays. (b) Aligning the mold 
to the UV micro-LED array. (c)–(e) Consequently jetting the RGB QDs inside the molded window to form the 
full-color pixels [31]. Figures reproduced with permission from Optica Publishing Group.
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image of the full-color micro-LED after jetted QDs in the PR mold. Figure 3(b) shows 
the RGB pixel array observed by fluorescence microscopy, indicating that the lumi-
nescent regions of quantum dots have clear boundaries. Compared with the result of 
printing without PR window restriction as shown in Figure 3(c), the fluorescence 
image shows no obvious separation between the printed QDs. Clearly, crosstalk is 
observed in the blue QD lines.

In 2019, Chen et al. proposed hybrid QD nanoring μLEDs (QD-NR-μLEDs) fabri-
cated by QD printing and electron beam (E-beam) lithography [32]. There are three 
parts to this device, namely, a normal green LED, a blue NR-μLED, and a red QD-NR-
μLED, and each region can be regarded as a subpixel, as shown in the SEM images of 
Figure 4(a). Besides, the nonradiative resonant energy transfer (NRET) mechanism 
was allowed for adjacent coupling between the exposed InGaN/GaN MQW sidewalls 
and QDs. During the manufacturing process, an electron beam lithography system is 
first used to define an area with negative photoresist, which is used as the RGB pixel. 
The green pixels are all shaped into rectangular mesas. The remaining red and blue 
regions form NR arrays with hexagonal close packing. After that, nickel is deposited 
by electron beam evaporation, and then the photoresist is removed by a lift-off pro-
cess to form a hard mask pattern. Subsequently, by using Inductively Coupled Plasma 
Reactive Ion Etching (ICP-RIE), the GaN-based material is etched to define the active 
regions, separating the pn layers and isolating each subpixel. Next, residual nickel is 
removed by HCl solution. The ALD technology was used to deposit the Al2O3 passiv-
ation layer. In order to create color conversion layer, CdSe/ZnS red QDs were sprayed 
on a region of blue NR-μLED via the super-inkjet (SIJ) printing system. Then, spin-
on glass (SOG) was used to isolate the pn electrodes and protect the QD layer. After, a 
transparent conducting oxide (TCO) layer was orderly deposited via the hole process 
by SOG etching and Ni/Au metal deposition for the pn electrodes with the lift-off 
process. Finally, a distributed Bragg reflector (DBR) was used to recycle blue light 
and cover the red color region to filter out. Figure 4(b) showed the SEM image of 
NR-μLED with 30° tilt angle. Besides, it can be clearly observed from the transmission 
electron microscopy (TEM) images in Figure 4(c) that the sidewalls of MQWs were 
closely surrounded by QDs, which is important to the NRET mechanisms.

The overlapping relationship between the absorption spectrum of red QDs and 
the EL spectrum of a blue NR-μLED was demonstrated in Figure 5(a). The emission 
wavelength of the blue NR-μLED is 467 nm, which is in the range of intense QD 
absorption. That indicates good spectral overlaps of MQWs with QD absorption and 

Figure 3. 
(a) Microscope image of the full-color micro-LED after jetted QDs in the PR mold. (b) The RGB pixel array 
observed by fluorescence microscopy. (c) The fluorescence microscopy image of the jetted QD pixels without the PR 
mold [31]. Figures reproduced with permission from Optica Publishing Group.
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makes sure the strong coupling exists between excitons in MQWs and the absorption 
dipoles of QDs. Moreover, the inset of Figure 5(a) schematically shows the process 
of spraying red QDs on blue NR-μLEDs by using the SIJ printing system. Figure 
5(b). demonstrated the EL spectra of individual RGB colors in hybrid QD-NR-
μLEDs, the peak wavelengths at 467,525, and 630 nm, respectively. Due to the nar-
row EL spectra, the fabricated QD-NR-μLEDs can achieve a wide color gamut, which 
overlaps the NTSC space at approximately 104.8%, and overlaps Rec. 2020 space at 
about 78.2%.

In recent years, inkjet printing combined with photolithography, namely 
photolithography-inkjet printing (PHO-IJP) is usually used to fabricate a single pixel 
of conventional semiconductor quantum dots, with pixel pits on a substrate being 
created by photolithography followed by filling them with ink via inkjet printing [33]. 
In 2022, Bai et al. proposed “Interface Engineering-Inkjet Printing-Plasma Etching 
(IE-IJP-PE)” to fabricate large-area μPeLEDs with microscale and self-emissive 
pixels [34]. To achieve full-color display, CsPbCl1.56Br1.44 (blue), CsPbBr3 (green), 
and CsPbBrI2 (red) PeQD cyclohexylbenzene solutions were used as RGB inks. The 

Figure 5. 
(a) Absorption curve of red QDs and electroluminescence (EL) spectrum of blue NR-μLEDs (inset depicts a 
schematic configuration of spraying red QDs on blue NR-μLEDs using the SIJ printing system). (b) EL spectra of 
RGB hybrid QD-NR-μLEDs; (c) color gamut of RGB hybrid QD-NR-μLEDs, NTSC, and Rec. 2020 [32]. Figures 
reproduced with permission from Optica Publishing Group.

Figure 4. 
(a) SEM image of RGB pixel array (top view); (b) SEM image of NR-μLED with 30° tilt angle; (c) TEM image 
of the contact area between MQWs and QDs [32]. Figures reproduced with permission from Optica Publishing 
Group.
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micro-PeLED arrays were constructed with a structure of glass/ITO/PEDOT: PSS/
PVK/SDS/RGB PeQD arrays/TPBi/LiF/Al. The fabricated substrates were ultrasoni-
cally cleaned sequentially in detergent, acetone, ethanol, and deionized water and 
dried. After the devices were dried, the ITO glass substrates were treated with UV 
ozone to remove residual organics for 15 min. The filtered PEDOT:PSS solution with a 
poly(tetrafluoroethylene) syringe filter (0.45 μm) was spin-coated onto an ITO glass 
substrate at 4000 rpm for 30 s and annealed at 140°C for 15 min. Dissolve PVK in 
chlorobenzene to form a 5 mg ml solution. The filtered PVK solution was spin-coated 
with a 0.45 μm poly(tetrafluoroethylene) syringe filter onto the PEDOT:PSS layer 
at 3000 rpm for 30 s and annealed at 130°C for 15 min in a glove box. SDS was then 
spin-coated at 3000 rpm for 30 s and heated at 100°C for 15 min. The RGB PeQD 
ink was printed on the hole transport layer in air by an IJP process and then treated 
by plasma cleaning for 15 s to destroy the excess hole transport layer and reduce 
the leakage current of the micro-PeLED array. Finally, the samples with RGB PeQD 
arrays were transferred to an interconnected high-vacuum deposition system through 
thermal evaporation to complete the device. The color gamut of RGB μPeLEDs covers 
135% of NTSC, which is much wider than full-color μLEDs fabricated from red and 
green CdSe-based QDs. In addition, the red μPeLED has a maximum EQE of 0.832%, 
which is higher than its InGaN-based and AlInGaP-based counterparts.

As mentioned earlier, QD printing technology has become increasingly mature. 
However, inkjet printing is difficult to achieve large-area production. Colloidal quan-
tum dots exhibit unique optical properties derived from quantum confinement effects 
that make them suitable for use as color-conversion layers for μLEDs [35]. PRs can be 
used to combine with quantum dots to form QDPRs after surface modification. By 
changing the parameters, QDPR can freely control thickness and size, while retaining 
the advantages of lithography. This method provides a cost-effective and practical 
solution for the development of large-area, high-resolution fabrication of full-color 
μLEDs for display applications.

In 2020, Chen et al. demonstrated a full-color μLED display with high color 
stability using semipolar (20–21) InGaN LEDs and quantum-dot photoresist [36]. 
To overcome the expensive and not desirable mass production of the conventional 
way, an innovative orientation-controlled epitaxy (OCE) process with semipolar 
GaN material selectively grown directly on the standard sapphire wafer was used in 
this work. The μLED array process started with depositing a transparent conduct-
ing oxide (TCO) layer, then, a p-type ohmic contact was formed by annealing at 
450°C with the ambient atmospheric conditions. Next, in order to form a 1 μm depth 
mesa etch and etch the TCO film, inductively coupled plasma-reactive ion etching 
(ICP-RIE) and an HCl solution were used respectively in this research. Afterward, 
by using electron beam evaporation, Ti/Al/Ti/Au layers were deposited as the n-type 
electrode. After that, with the help of plasma-enhanced chemical vapor deposition, a 
200 nm thick SiO2 passivation layer was deposited. Eventually, followed by ICP-RIE, 
the μLED array was completed by the via-hole process. After the μLED array process, 
as shown in Figure 6(a), the Ni/Au (p-electrode metal) lines were deposited on the 
flattened surface to link each chip, as shown in Figure 6(b). Then, by using lithogra-
phy process, the gray photoresist, red QDPR, green QDPR, and transparent PR were 
fabricated sequentially to form a color pixel on a highly-transparent glass substrate 
with 0.7 mm thickness, as shown in Figure 6(c). Finally, in Figure 6(d), an aligner 
and UV resin are used to stick the color pixel array on the glass. The gray PR mold can 
attain a higher height and provide higher reflectivity, which can reduce the cross-talk 
effect among pixels and enhance output intensity by inside reflection compared to the 
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black PR. Besides, the semipolar μLED shows a stabilizing wavelength shift of 3.2 nm, 
while the c-plane μLED’s shift is 13.0 nm. Above all, the RGB pixels present a wide 
color gamut of 114.4% NTSC and 85.4% Rce.2020, showing great promise for display 
applications. The research also demonstrated a color-conversion layer consisting of 
QDPR is capable of the common lithography process, which is suitable for large-scale 
manufacturing.

Recently, μLED all-rounder displays based on silicon backplanes have also 
attracted the attention of researchers. In 2020, Kawanishi et al. reported a silicon-
based full-color micro-LED display, called “Silicon Display” [37]. To fabricate the 
display array, a p-electrode layer is first formed on the p-GaN layer of the LED 
epitaxial wafer. The epitaxial layer was then etched down to the n-GaN layer by 
photolithographic patterning using ICP to form the mesa structure, and the n-GaN 
layer was exposed to form the n-electrode. Each pixel is defined by a groove down to 
the sapphire substrate formed by another ICP etch. Figure 7(a) shows a schematic 
diagram of a single pixel. Red and green sub-pixels are formed by exciting the QD 
color converters with blue LEDs. The quantum dot material is deposited on the sur-
face of the device by a photolithography process after being mixed with a photoresist. 
A full-color silicon display with a resolution of 1053 ppi and 352 × 198 pixels, each of 
which is 24 μm in size, is realized. Figure 7(b) shows a photo of the overall display. As 
can be seen from the photo, each QD layer was successfully formed on each sub-pixel 
through the photolithography process.

Figure 6. 
Process flow for the fabrication of a full-color RGB pixel array. (a) μLED array process. (b) Black PR matrices 
and p-electrode metal lines. (c) Red, green, and blue (transparent) pixel lithography process. (d) Color pixel 
bonding [36]. Figures reproduced with permission from Optica Publishing Group.
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2.4 VLC applications with QD-based color-conversion μLEDs

Incorporating a color conversion layer can allow μLEDs to simultaneously achieve 
full-color display and high-speed modulation. However, the modulation bandwidth of 
this class of devices is significantly limited by the long response times of color-convert-
ing materials [38]. The traditional phosphor material used as the color conversion layer 
is yttrium aluminum garnet (YAG) phosphor Y3–xAl5O12:xCe3+ (YAG:Ce) [39], which 
has a critical limitation for VLC applications due to the slow phosphor conversion 
process caused by the long excited-state lifetimes [40], on the order of microseconds. 
The modulation bandwidth of phosphors is typically only a few MHz [41]. To over-
come the bottleneck in response speed, organic materials, such as BODIPY, MEH-PPV 
and BBEHP-PPV have been recently used as potential candidates for color converters 
for VLCs due to their visible light emission, high PLQY, direct radiative recombina-
tion, and ease of integration with nitride-based semiconductors [42]. However, their 
excited state lifetimes are still very long. Therefore, developing light-converter phos-
phor materials with fast decay and high efficiency (that is, short radiative lifetime and 
high brightness) remains a major challenge for VLC and solid-state lighting (SSL) 
applications.

As previously introduced, quantum dot (QD)-based color converters have very 
promising applications, however, the modulation bandwidth of conventional 
CdSe/ZnS QDs is limited to ~3 MHz, which is much lower than the requirement of 
VLC [43]. Lead halide perovskite QDs exhibit high PLQY (≥70%) and relatively 
short PL lifetimes [27]. In 2018, Shi et al. reported an all-inorganic white light 
system for VLC [44]. The system uses blue GaN-based μLEDs as the excitation 
light source and inorganic yellow-emitting CsPbBr1.8I1.2 perovskite quantum dots 
(YQDs) as the color conversion layer. The maximum modulation bandwidth of 
the packaged 80 μm × 80 μm blue-emitting μLED is about 160 MHz, and the 
peak emission wavelength is about 445 nm. Maximum −3 dB E-O modulation 
bandwidths of ~73 and ~85 MHz were achieved for perovskite quantum dots and 
white light systems combining μLED and perovskite quantum dots, respectively. In 
addition, based on the high bandwidth white light system, the real-time data rate is 
300 Mbps using no return Zero-On–Off Keying (NRZ-OOK) modulation scheme.

Figure 7. 
(a) Schematic cross-section of a single pixel of silicon display. (b) Optical micrograph of 1053 ppi micro-LED 
array during fabrication after forming red and green QDs [37]. Figures reproduced with permission from the 
SOCIETY FOR INFORMATION DISPLAY.
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Most GaN-based μLEDs are typically grown on (0001) “polar” c-plane sapphire 
substrates, which leads to strong Stark effect QCSE effect (QCSE), which, in addition 
to leading to a drop in efficiency, will limit the modulation bandwidth of μLEDs [45]. 
The spontaneous polarization of GaN is responsible for the QCSE due to the highest 
symmetry compatible with its structure. Meanwhile, the strain caused by the lattice 
mismatch between InxGa1 − xN and GaN also produces polarization. These internal 
polarization fields along the c-plane will lead to band tilting, separating the wave 
functions of electrons and holes. QCSE also causes wavelength shift and efficiency 
drop with increasing injection current density. The applications of the semipolar 
(20–21) and (20–2–1) epitaxial structures have been proven to effectively suppress 
the effects of QCSE [46]. Semipolar devices enable higher modulation bandwidths 
due to weak polarization fields and flat energy gap distributions, which lead to larger 
electron–hole wavefunction overlap reducing carrier lifetimes [47]. Further, Zhao et 
al. revealed that faster carrier transport in semipolar devices also contributes to the 
weaker phase-space filling effect, which was determined for the low-droop phenom-
enon in semipolar LEDs because of small QCSE and short carrier lifetimes using the 
consistency between theoretical and experimental results [48]. The aforementioned 
advantages imply that a semipolar LED is capable of simultaneously achieving high 
modulation speed and maintaining high efficiency with increasing injected current 
owing to low droop performance.

In 2020, Huang Chen et al. realized long-wavelength (initial wavelength 540 nm) 
InGaN/GaN VLC-LEDs with high 3 dB bandwidth using semipolar epitaxy and μLED 
structures [49]. The epitaxial process of semipolar (20–21) GaN on a (22–43) PSS is 
carried out through a low-pressure metalorganic chemical vapor deposition (MOCVD). 
In addition, the passivation layer of aluminum oxide (Al2O3) was grown to repair side-
wall defects. Some previous studies have stated that the influence of sidewall defects 
increases as the chip size decreases [50, 51]. In particular, when the LED device achieves 
a micrometer scale, traditional passivation methods, such as the PECVD process, are no 
longer useful owing to the large leakage current of the μLED device. ALD dielectric thin 
films have been regarded as an effective passivation technique in the μLED area [52]. 
The semipolar device had a shorter lifetime because of the weak polarization-related 
electric field and large overlap of the electron–hole wave function, which yielded a 
faster carrier recombination lifetime [53]. The QCSE reduction in the semipolar device 
yielded faster carrier transport and a shorter recombination lifetime, resulting in a 
weaker phase-space filling effect. Therefore, the semipolar μLED can achieve a high 
modulation bandwidth owing to its faster carrier recombination lifetime.

The outstanding performance of semipolar μLEDs in display and communica-
tion has also led researchers to combine it with QDs to make high-performance 
full-color display devices with VLC potential. In 2021, Singh et al. proposed a flexible 
white-light system for high-speed VLC applications [54]. The white-light system 
fabrication process is shown in Figure 8. The system consists of nanostructured 
green CsPbBr3 PQD paper, red CdSe QD paper, and semipolar blue micro-LEDs. 
Regarding the production of green CsPbBr3 PQD paper, firstly, a solution of CsPbBr3 
quantum dots were prepared using the hot injection method, and then the solution 
was added to the cellulose nanocrystal (CNC) suspension, and the mixed solution 
was filtered through a filter membrane using a vacuum pump device. The PQD paper 
in nanostructured form is then separated from the filter membrane. The QD paper 
produced by this method has strong mechanical strength and flexibility to be used 
with flexible systems. In addition, the PQD paper fabricated by this method has nano-
structures, which should provide a strong quantum confinement effect to increase 
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the probability of carrier recombination. The flexible μLED was fabricated using a 
polyimide (PI) substrate covered with copper-foil shielding tape, where the latter 
was subjected to photolithography and wet etching to establish electrical conduction. 
The μLED flip-chip was bonded on the PI substrate using a silicone-based electrically 
conductive anisotropic adhesive to maintain the electrical conductivity between the 
chip metal contact and the AuSn solder on the substrate; this increased the system 
flexibility. For the color converter, CsPbBr3 PQD paper and CdSe QD paper were 
prepared. These papers were adhered to the top of the μLED with flexible substrate 
using an adhesive to achieve white-light system.

Semipolar μLEDs had a narrow FWHM and was therefore responsible for the 
delivery of pure emitted light, matching colors, and a wide color gamut. Figure 9(a) 
shows the color performance of the white-light system created using the semipolar 
blue μLED with PQD paper and CdSe QD paper under driving conditions from 10 
to 1200 A/cm2. The white-light system demonstrated a wide color gamut, achieving 
98.7% of the NTSC and 91.1% Rec. 2020 of the CIE 1931. The color gamut of the 
white-light system remained almost unchanged with increasing injection current 
density owing to the wavelength stability.

The average PL lifetimes calculated for the PQD paper and CdSe QD paper were 
5.92, and 12.88 ns, as shown in Figure 9(b). The PQD paper had a shorter carrier life-
time than those reported in other studies, while also being considerably shorter than 
those of phosphors microsecond to millisecond range. This shorter carrier lifetime is 
attributable to the quantum confinement effect, which yields faster radiative recom-
bination. However, the CdSe QD-paper carrier recombination lifetime is insufficient 
to independently achieve high bandwidth for VLC applications. Therefore, semipolar 
μLEDs and PQDs have considerable potential for VLC applications. The PQD-film 
bandwidth was found to be 111 MHz, as shown in Figure 9(c); the PQD-based white-
light system also displayed a frequency bandwidth of 95.5 MHz at a 113 mA injection 
current. Hence, the high bandwidth of the PQD paper is suitable for achieving high-
speed VLC. This outcome implies that the nanostructure has a higher recombination 
rate than the bulk and hence a higher modulation bandwidth.

Although PQDs have significant advantages over traditional color conversion 
materials, they also have some drawbacks. They have, for example, exhibited vulner-
ability under ambient conditions, particularly in the case of red-emitting PQDs that 

Figure 8. 
Fabrication of white-light system [54]. Figures reproduced with permission from Optica Publishing Group.
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contain iodine [55]. The application bottleneck of PQDs is long-term stability. It 
degrades rapidly when exposed to the environment. Water vapor, oxygen, high tem-
perature, and light irradiation cause alteration to the crystal structures of PQDs, typi-
cally resulting in photoluminescence (PL) quenching [56]. These four factors coexist 
in the environment, so their effects are difficult to distinguish from each other [57]. 
In terms of immediate optical performance, most of the crystal structure changes 
are negative, but a few of them are positive. Therefore, the high-stability PQDs color 
conversion layer made by the new encapsulation method will have good application 
prospects in the fields of display and communication. Embedding QDs in organic 
polymers can significantly extend their lifetimes, as the polymers ensure a hermetic 
seal from air [58, 59]. In the current study, the organic shell is still not perfect because 
the polymer cannot withstand UV or blue illumination from the excitation light 
source for long periods of time [60]. Thus, shells composed of inorganic substances 
have been favored since recently, including Al2O3, ZrO2, and anodized aluminum 
templates [61, 62]. Although these inorganic shells can withstand blue light and UV 
irradiation better than organic shells, the porous structures are not as water/O2-proof 
as the organic ones because the pore structures remain. In 2021, Lin et al. reported an 
inorganic encapsulation of mesoporous SiO2, in conjunction with a high-temperature 
sintering synthesis process under an inert atmosphere [58]. This synthesis process is 
compatible with various halide contents, yielding PeNCs sealed in SiO2 particles that 
emit PL emission covering the entire visible range from 420 to 700 nm. The PeNCs–
SiO2 sample showed remarkable stability after undergoing aging tests under various 
exaggerated stresses as well as mitigated thermal quenching during thermal cycling. 
The PeNCs–SiO2 can be blended into a photoresist and remains luminous during the 
development procedure, which is compatible with the photolithography process; this 
facilitates the mass production of color conversion layers. This robust encapsulation 
also has great application value for full-color display or visible light communication 
based on quantum dot-based μLED.

In 2021, Wu et al. reported 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 [63]. They encapsulated the PQDs in an all-inorganic 
SiO2 shell, which significantly improved the stability of the color conversion layer. 
Regarding the fabrication of CsPbBrI2-SiO2, the precursor solution was first prepared 
by mixing the precursor salt with MCM-41 molecular sieves and dispersing the mixture 

Figure 9. 
(a) Color gamut of white-light system according to CIE 1931 color space under various current densities. (b) TRPL 
curves for semipolar μLED and PQD and CdSe QD papers. (c) Comparison of bandwidth of PQD paper in 
nanostructure with that of PQD film, Inset: eye diagram for PQD paper [54]. Figures reproduced with permission 
from Optica Publishing Group.
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in 25 ml of purified water. Next, the precursor solution was sonicated for 20 min 
and vigorously stirred for 10 min to improve dispersion. The precursor solution was 
transferred into a crucible and placed in a tube furnace filled with high-purity Ar gas. 
The temperature of the tube furnace was raised to 200°C and kept for 1 h to evaporate 
the water. Then, sintering was performed continuously for 30 min at a temperature 
of 750°C with an Ar flow rate of 15 ml/min. Subsequently, the samples were cooled to 
room temperature under Ar protection, during which their color gradually changed 
and finally crystallized into PNCs. During cooling, the perovskite forms inside the 
SiO2, which constrains the PNCs inside that facilitate the formation of crystal phase, 
thereby ensuring the high stability of the red-emitting PNCs. Figure 10(a) illustrates 

Figure 10. 
(a) The fabrication process and a photo of the color conversion layer; and (b) the proposed PNC-μLED device. 
EDS element maps of the (a) CsPbBrI2-SiO2 and (b) CsPbBr3-SiO2 PNCs [63]. Figures reproduced with 
permission from Optica Publishing Group.
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the fabrication detail and presents a photo of the as-fabricated films under natural 
light, which are composed of CsPbBr3-SiO2 and CsPbBrI2-SiO2. During this process, 
CsPbBrI2-SiO2 and CsPbBr3-SiO2 were mixed with toluene to make a red and green mix-
ture. The EVA polymer was dissolved into the mixture and heated to 50°C with stirring. 
The mixture was then spin-coated (1800 rad/s) on a glass substrate to obtain a thin film 
of uniform thickness. In Figure 10(b), the color conversion layer is combined with the 
semipolar μLED, achieving the white-light PNC-μLED device for the backlight. The 
fine structure of both PNC samples is also revealed from the EDS element maps, as 
illustrated in Figure 10(c) and (d). These maps indicate that the spatial distribution 
of the elements 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.

Figure 11(a) shows the normalized intensity of the PL properties of the red and 
green PNCs, as well as the solution-processed samples under blue light exposure. The 
SiO2-embedded samples exhibit remarkable stabilities, showing no degradation under 
blue irradiation. Figure 11(b) shows the frequency response of the PNC-μLED, the 
highest 3-dB bandwidth was measured as 655 MHz, corresponding to an injection 
current of 200 mA. Figure 11(c) 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 narrow 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.

3. Conclusions

QDs-based μLED provide superior display performance and are a promising 
platform for VLC systems. In this article, we comprehensively review recent prog-
ress in QD-based μLED devices. It includes the research status of various QDs and 
white LEDs based on QDs color conversion layers. The fabrication of QD-based 
high-resolution full-color μLEDs is also discussed. Including charge-assisted layer-
by-layer (LbL), aerosol jet printing, and super inkjet printing methods to fabricate 
QD-based μLEDs. The use of quantum dot photoresist in combination with semipolar 
μLEDs is also described. Finally, we discuss the research of QD-based μLEDs for 
visible light communication, which allows a single device to be used for both display 

Figure 11. 
(a) The normalized intensity of the PL properties of the red and green PNCs, as well as the solution-processed 
samples under blue light exposure. (b) Color gamut of the PNC-μLED under different current densities. (c) 
Frequency response for the PNC-μLED [63]. Figures reproduced with permission from Optica Publishing Group.
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and high-speed communication, enhancing the versatility of μLEDs. Advances in 
the development of QD-based μLEDs are expected to make this display technology 
ubiquitous in the near future. Recent breakthroughs in QDs and LEDs will provide a 
promising outlook for future demand in the semiconductor industry.
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