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The mini-LEDs with chip sizes ranging from 100 to 200 um have already been commercialized for backlight sources in
consumer electronics applications. The realized local diming can greatly improve the contrast ratio at relatively low energy
consumptions. The micro-LEDs with chip size less than 100 pm, still remain in the laboratory.
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| 1. Introduction

The traditional display technology features a cathode ray tube (CRT) based on the principle of a steered electron beam
excitation of a fluorescent screen . The structure of CRT is basically a vacuum tube with one or more built-in electron
guns, which produce the electrons to be accelerated and steered. The steered electron beam excites one or more of the
pixels on the screen designed to emit red, green, and blue (RGB), primary colors. By appropriate scanning, an image is
produced on the phosphor pixelated screen. Since the invention of the first color CRT television (TV) in 1950, the CRT TV
has dominated the display market for many decades because of its outstanding characteristics, such as excellent visual
depth of field and high response rate. This dominance of CRT displays remained for a remarkably long time until the year
of 2000, when two new display technologies, liquid-crystal display (LCD) and plasma display panel, were demonstrated &
(B4l Because of portability and power efficiency features, they are very popular with consumers. Later, owing to the
continuous improvement in reducing the cost and performance improvements in the LCD technology, the plasma display
shortly thereafter became uncompetitive. However, because LCD displays have major disadvantages, such as slow
response time, poor conversion efficiency and low color saturation, the technology had been repeatedly criticized by
consumers B, Consequently, the LCD manufacturers have taken steps to improve LCD displays, such as replacing the
common liquid crystal materials with high response materials, using relatively larger conversion efficiency backlight
modules, and utilizing high color saturation fluorescent materials. As a result, some high performance LCDs possess
extremely short response times and thus are used in several virtual reality (VR) devices ElZ. |n recent years, new display
technologies have become more mature, such as organic light-emitting diode (OLED) display and light-emitting diode
(LED) displays 8. The OLED display technology was developed in the 1990s. Compared with LCD displays, OLED
displays have advantages, among which are self-luminous, wide viewing angle, high contrast, power saving, fast
response, etc. 19 However, due to limitations in material science and mass production capabilities, OLEDs are not as
widely used in consumer electronics market as LCDs 1. The LED-pixel based displays are mainly applied to large
outdoor screens with the advantages of power saving, high color saturation and high brightness 2. |f LEDs are used as
pixels of the display, the size of LEDs would need to be reduced according to the desired resolution. Because a growing
number of manufacturers regard the LED display as the next- generation display technology, the onset of mini-LED and
micro-LED has been triggered 12l. The comparison between mini-LED and micro-LED is shown in Table 1. The size of

mini-LEDs is about 100~200 pum, which is between the size of conventional LEDs (>200 pum) and micro-LEDs (<100 pm).

Table 1. Comparison between mini-LED and micro-LED.

Mini-LED Micro-LED

Size (um) 100~200 <100

Purpose Backlight for LCD Self-emitting display

) ) . ) High contrast, high efficiency, high resolution, high
Features High dynamic range, power saving, thin .
response time



Mini-LED Micro-LED

Yield >80% Hard to estimate

. LCD backlight—From small to large LCD . o . . .
Application | Micro-projection display, display from small to large size
pane

According to the Research and Markets, a market research institution, the global micro-LED display market is predicted to
soar from USD 0.6 billion in 2019 to USD 20.5 billion in 2025, with a compound annual growth rate of about 80% 14, The
main reason for the market outbreak is the sharp increase in demand for brighter and more energy-efficient display
panels, needed for surging devices such as smart watches, mobile phones, TVs, laptops, augmented reality (AR) and VR.
According to Yole's optimistic estimate, the market of micro-LED display will reach 330 million units by 2025 (Figure 1) (151,
Although the prospects of market are highly optimistic at present, micro-LED displays still face technological challenges,
especially in the cases for which some key technologies and process equipment have not yet been made sufficiently
developed. Therefore, the relatively mature mini-LED is expected to be the first commercialized variety while the micro-
LED display technology is still in its nascent state.
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Figure 1. Forecast about the development of micro-LED displays.

| 2. Mini-LED

High dynamic range (HDR) is one of the important features for next generation displays 18, To achieve HDR with contrast
ratio (CR) higher than 100000:1, high peak brightness and excellent dark state of the display system are simultaneously
required 2. Although the best requirement for HDR is pixel level dimming, which is described as micro-LED technology,
there are still some technological bottlenecks that make micro-LED harder to realize quick commercialization. Therefore, a
compromising way to realize multi-zone local dimming for LCD is direct-lit mini-LED backlight. Mini-LED technology has
much smaller size of LED, which means it can divide more dimming blocks in a certain size LED backlight. Recently, LED
manufacturers have turned to research and develop mini-LED. Most of existing processes and equipment for conventional
LED can be used continuously for fabrication of mini-LED.

Tan et al. discussed the system modeling and performance evaluation of LCDs with mini-LED backlight X8, First, a model
of LCD system with a direct-lit mini-LED backlight is set up for simulation (Eigure 2). The backlight unit consists of square-

shaped mini-LED array. A diffuser plate is utilized to widen both spatial and angular distributions, and a liquid crystal (LC)
panel is applied to control the output light. The parameters of the model, such as p, s, H;, and H,, are based on the
device configuration reported in Reference 2. To validate the model, four patterns are used to simulate the dynamic CR
of the model, and the simulated results can agree with the measured data from Reference 12 reasonably well.
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Figure 2. Schematic diagram of the model for the LCD with a mini-LED backlight 28], Figure reproduced with permission

from Optical Society of America.

Next, the proved model is utilized to find out the relationship between the device structure to the final HDR display
performance, especially the halo effect (Eigure 3). Final HDR performance of displayed images are calculated via
independently adjusting two key parameters of the device structure, the local dimming zone number and the LCD contrast
ratio. According to simulation results, the dimming zone number mainly affects the halo area, while LCD contrast ratio
influences the local image distortion, and more local dimming zones and higher LC contrast ratio can reduce the halo
effect and improve the display performance.
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Figure 3. Displayed image simulation: (a) Mini-LED backlight modulation; (b) luminance distribution of the light incident on
LC layer; and (c) displayed image after LCD modulation 18, Figure reproduced with permission from Optical Society of

America.

Then, a subjective experiment is designed and carried out to determine the human visual perception limit of halo effect.
The LabPSNR, an evaluation metric used to quantify the difference between displayed image and target image, should be
larger than 47.4 dB. Based on this limit, the requirement of local dimming zone number can be proposed: over 200 local
dimming zones for high CR = 5000:1 LCD panels and more than 3000 dimming zones for CR = 2000:1 LCDs (Eigure 4).
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Figure 4. Simulated LabPSNR for different HDR display systems with various local dimming zone numbers and LC
contrast ratios 18, Figure reproduced with permission from Optical Society of America.

Although the above simulations and experiments are all based on the small-size smartphone displays with viewing
distance at 25 cm, the analysis and conclusion can also be applied to display devices with different sizes and resolutions
via converting the results from spatial domain to angular domain (Figure 5). In summary, Tan et al. demonstrated the
required local dimming zone number to exhibit comparable HDR performance with OLED, and the HDR performance
could not be achieved by conventional segmented LED backlight. The simulation model can provide useful guidelines to
theoretically optimize the mini-LED backlit LCDs for achieving excellent HDR display.
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Figure 5. Conceptual diagram of scaling up display size based on same angular size 8. Figure reproduced with
permission from Optical Society of America.

While mini-LED, an ideal backlight candidate for local dimming LCDs, is ready to be produced in volume at present,
micro-LED still has to be processed inside laboratories and needs further preparation before entering the mass
production. Many companies have joined the competition of mini-LED and tried to develop the mini-LED backlight
technology to replace the traditional LCD backlight recently.

AU Optronics Corporation (AUO) demonstrated several high-end mini-LED backlit LCD displays, including a 27" 4K 144
Hz gaming monitor and a 1000 PPI 2" LTPS VR display (Figure 6) 9. The gaming monitor used a straight down type
mini-LED backlight to provide accurate local dimming with ultra-high brightness, creating a more realistic visual enjoyment
for customer. However, the cost of mini-LEDs is still several times higher than traditional backlight technology at present.
For head-mounted VR display, AUO shows a 2-inch panel equipped with an active matrix (AM) driver circuit which can
achieve 1024 local dimming zones for vivid images.



Figure 6. The 27" gaming monitor and the 2” VR display of AUO.

JDI, a Japanese manufacturer, demonstrated an automotive central control panel based on a 16.7 inch curved screen
with a straight down type mini-LED backlight at 2018 SID Display Week, shown in Figure 7a 1. The contrast and color of
the screen can be presented perfectly even in complex situations because of the local dimming with 104 dimming zones
in the screen. BOE, one of the largest display makers in China, exhibited a 27-inch ultra-high-definition (UHD) panel,
which used a mini-LED backlight with 1000 local dimming zones. Its brightness is up to 600 nits and its contrast is up to
1,000,000:1. In addition, BOE also showed a 5.9-inch mobile phone panel which was only 1.4 mm in thickness, shown in
Eigure 7b [21],

Figure 7. (a) The 16.7 inch curved automotive display with direct backlight solution of JDI. (b) Ultra-High Contrast UHD
Display of BOE.

| 3. Micro-LED

As H. X. Jiang'’s group in Texas Technique University reported the first fabrication of micro-LED chip with diameter of 12
um in the year of 2000 [221(23124] micro-LED has become a hot topic soon after the inception.

The application field of LEDs varies depending on the chip size. Due to the size difference, the traditional LED chip is
mainly used in general lighting 2526271 and display backlight module 28, The mini-LED is applied to backlight
applications such as HDR and flexible displays 28, while the micro-LED is suitable for applications such as wearable
watches, mobile phones, automotive head-up displays, AR/VR, micro projectors, and high-end televisions 22 (Table 2).
Additionally, micro-LED can be combined with a flexible substrate to realize the flexible characteristics like OLED B,
Therefore, micro-LED displays have the potential to match or exceed today’s OLED displays, with its high contrast, low
power consumption, high brightness, and especially the high life-span 1,

Table 2. Requirements for mini-LED and micro-LED in typical applications.

Auto Display TV Digital Display

Application
Panel Size (inch) 6~12 32~100 150~220
PPI 150~250 40~80 20~30

Chip volume (M) 4.1 24.9 24.9




Chip Size (um) 50~100 50~80 80~100

AR Watch Mobile

Application f-\

Panel Size (inch) 0.5~1 1~15 4~6
PPI 450~2000 200~300 300~800
Chip volume (M) 49.8 0.4 6.2
Chip Size (um) 1~-5 10~30 30~50

At present, the micro-LED display technology still faces some challenges, like the transfer printing of micro-LED chips for
mass production 22331341 and the full-color method for display applications EIB8IEY. with the rapid development of some
transfer printing approaches summarized in Table 3, the first problem is expected to be effectively solved. Thus, we will
focus on methods of fabricating the full-color display for micro-LEDs.

Table 3. Massively selective transfer printing methods.

Company  Principle Description

. The transfer heads are divided by the dielectric layer to form a pair of
Electrostatic H

LuxVue silicon electrodes, which are positively and negatively charged,
arra
y [remsmee | respectively, before picking up the target LED.
. Electromagnetic . .
Magnetic TR Eﬁww«w Micro-LEDs are adsorbed and placed by the electromagnetic force
array generated by the coil.
Visco-elastic The pick-up and transfer processes are aided by the Van der Waals
Elastomer X- pick-up array ) ) _ _
. - - forces between the viscoelastic elastomer stamp and the solid micro-
stamp Celeprint LED
‘arget substrate S.
' \\ A roll-based transfer technology for transferring nanoscale objects from a
Roll to plate KIMM = /4 e .
= donor substrate to a target substrate with high yields and productivity.
Target substrate g g y p y
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