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Recent Progress in Micro-LED-Based Display Technologies

Abdur Rehman Anwar,* Muhammad T. Sajjad,* Muhammad Ali Johar,*
Carlos A. Herndndez-Gutiérrez, Muhammad Usman, and S. P. tepkowski

The demand for high-performance displays is continuously increasing
because of their wide range of applications in smart devices
(smartphones/watches), augmented reality, virtual reality, and naked eye 3D
projection. High-resolution, transparent, and flexible displays are the main
types of display to be used in future. In the above scenario, the micro-LEDs
(light-emitting diodes) display which has outstanding features, such as low
power consumption, wider color gamut, longer lifetime, and short
response-time, can replace traditional liquid crystal displays and organic
LEDs-based display technologies. However, to attain a remarkable position in
future display technology, the micro-LEDs need to overcome problems
associated with mass transfer and its high cost of manufacturing. Besides
micro-LEDs, the other option for future displays includes the usage of color
conversion medium (phosphor/ quantum dots) to convert some of the blue

1. Introduction

With the advancement in technology,
the use of “display technology” in our
daily life is increasing abruptly because
of its broad range of applications such
as televisions, desktop monitors, smart-
phones health care devices, and data
projectors.'=* In display technology, the
very first cathode ray tube (CRT)-based
color television was introduced in 1940s,
leading to the first color broadcast in
1954. The design of CRT is comprised of
the vacuum tube having an electron gun
which generates the beam of guided elec-
trons which is then directed toward the

light into other colors. In this review, the various mass transfer display
technologies and color conversion strategies which are being used for the

realization of a full-color display are discussed.
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specially designed screen to emit primary
colors, i.e., red, green, and blue (RGB).]
Because of their prominent features such
as good response rate and best visual
depth, CRT-based televisions have gained
splendid popularity in the display industry for nearly four
decades, from 1950s to 1990s. In 2000s, the liquid crystal dis-
play (LCD) was successfully introduced as an alternative to CRT
technology.[®]

LCD is a nonemissive technology where a unit of backlight
source is used to create light propagation through a liquid crystal
panel (the polarizer absorbs ~50% of the incident light) and then
color filters are used to convert this mixture of white light into
perfect red, green, and blue color.”] The LCD technology gained
significant attention because of its high-power efficiency and
portability. In CRT technology, portability is one of the major
drawbacks. Albeit LCD technology faced serious issues in the
perspective of color saturation, response time, and conversion
efficiency.®! To improve their performance, materials with high
color saturation and better response time and upgraded back-
light unit with better conversion efficiency were used.*”! These
modifications improved optical efficiency and color gamut of
LCD, however, two-thirds of light generated is still being wasted.
In 1990s, organic light-emitting diodes (OLEDs) were introduced
to display technology.'!l The OLEDs are efficient power-saving
devices, have a high response rate and broad viewing angle,
and do not need an extra backlight unit in them.!%13) They
have been widely used in smart electronic products such as
foldable and curved displays because of their prominent fea-
tures of transparency and perfect flexibility.'*! However, the
OLEDs faced cumbersome issues of their shorter device lifetime
and inefficient color purity which is limiting its application
in displays.[’! In short, both technologies (LCDs and OLEDs)
have some critical issues which need to be addressed for their
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successful utilization in future smart displays.!'®17] Recently, the
inorganic material-based light-emitting diodes (LEDs) with the
lateral dimension down to less than 100 pm X 100 um (which
is also called micro-LEDs) have attained much more attention
for a display technology!’®-2% due to their distinguished features
such as lower power consumption (30-40% of LCD), longer life
span, the quick response time (nanosecond level), and wide RGB
color gamut.222] In comparison to the already existing LCD, the
micro-LED display has a ten times faster response rate, 1.4 times
broader color gamut, and 3.5 times higher contrast ratio.!?’] Fur-
ther improvements in luminescence efficiency of these micro-
LEDs were achieved by enhancing light extraction efficiency, e.g.,
Choi et al. have introduced the concept of micropillar geometry
by patterning the micropillars on LED mesa with diameters rang-
ing from 4 to 20 um. The device with a pillar diameter of 4 um
showed better performance compared to larger diameters. This
performance improvement was attributed to strain relaxation
(reduction of piezoelectric field), minimum self-heating (which
degrade their performance), and also to proper current spreading
across the device.[?*?’] Recently, Bower et al. have demonstrated
a variety of prototype passive-matrix and micro-IC-driven active-
matrix displays utilizing both lateral and flip-chip micro-LEDs.!2¢]

The micro-LEDs-based display technology has also attracted
significant attention from investors and companies.?’] In 2012,
Sony introduced its first micro-LED-based television panel (55
in.) which has six million micro-LEDs.[?] After that, in 2018, LG
successfully presented micro-LEDs-based large (175 in.) display.
Samsung, also in 2018, launched 146 in. micro-LEDs-based tele-
vision. In the same year, PlayNitride stepped in toward micro-
LED-based display technology by introducing 0.89 in. 64 X 64
panels (105 pixels per inch) and another 3.12 in. 256 X 256 pan-
els (116 pixels per inch) full-color display. Another company, X-
Celeprint has also introduced 5.1 in. micro-LED-based display
which was comprised of 8 X 15 um RGB LEDs having 70 pix-
els per inch. In 2020, numerous companies including Lumiode,
Jade Bird Display, and Plessey have announced the launching of
their product soon.[2!]

Mostly, phosphors have been used as color converters to
achieve full color micro-LEDs. However, recently, the color con-
version of the micro-LEDs has also been improved using quan-
tum dots (QDs) and nanoparticles.[?#291 Apart from displays,
micro-LEDs have been employed to achieve high-speed as well
as long-distance visible light communication.3%31]

A sudden efficiency degradation is normally seen by decreas-
ing the dimension of devices from LEDs to micro-LEDs. In this
review, we discussed the problems associated with the epitaxial
growth of micro-LEDs which lead to these efficiency degradations
and compared the various technologies for the mass production
of micro-LEDs. We also discussed the phosphor and QD-based
color conversion technologies with their positive and negative
aspects for full color display. Finally, we listed some prominent
strategies which could be useful to overcome the problems asso-
ciated with color conversion technology.

2. Epitaxial Growth and Chip Processing of LEDs

The III-V-based LEDs is widely being used in a variety of ap-
plications. To meet the demand of the market and decrease the
manufacturing cost, the industry is moving from 2 in. to 4 and
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6 in. wafer sizes.’>¥! Although, sapphire remains the domi-
nant substrate material for the epitaxy of nitrides LEDs, because
it allows lower dislocations densities and the best crystalline
quality.>*] But the use of large Si substrates also attracts great
interest due to its availability in the market at a lower cost. Fur-
ther, the growth over Si could be useful to integrate nitrides with
silicon standard electronics.*>3%] However, Si is known to have
high chemical reactivity toward other elements, e.g., gallium is
reported to form an alloy with Si which further makes GaN-on-Si
challenging. Si has also been known to diffuse into GaN caus-
ing n-type conductivity.?”] An additional layer such as Al, GaAs,
etc., thus, has been traditionally used between GaN and Si.[383°]
Another challenge is that opaque silicon leads to around 80%
unwanted light absorption.[*] Further, it is also challenging to
achieve crack-free GaN-on-Si for efficient micro-LEDs.[!]
Normally, the metal-organic chemical vapor deposition tech-
nique is utilized for the fabrication of InGaN/GaN-based LEDs.
The layers are grown along the c-plane [0001] on the sapphire
(Al,0;) or silicon (Si ['!!]) substrate.[**~*4] Then, the p-contact
layer is grown over the active region (InGaN/GaN) which is usu-
ally indium tin oxide for better current spreading and also to
achieve an ohmic contact.[**¢l By the etching process, the LED
mesa is defined, and is etched down to the n-doped GaN layer.
Finally, n and p electrodes are deposited by utilizing the beam
evaporation technique.[*”*8] The chip size of conventional LEDs
(for traditional solid-state lighting) is of the order of hundred mi-
crons to a few millimeters. The fabrication processes of micro-
LEDs are the same as mentioned above for conventional LEDs,
except for the smaller size of an LED mesa. As the size of the
LED mesa is reduced to tens of microns, it poses a serious chal-
lenge to the LED epitaxy (and leads to more defects). Therefore,
the performance of micro-LEDs is more degraded in compari-
son to conventional LEDs. These defects provide paths for re-
verse current leakage (surface leakage current) in the device.[*!
In conventional LEDs, the external quantum efficiency (EQE) is
not affected by these factors because the density of dislocation
defects are low (~10® cm~2) compared to micro-LED.I] For suc-
cessful epitaxial growth of gallium nitride (GaN)-based micro-
LEDs, low defect density, single-wavelength light emission, and
uniform spreading of driving current are required.>!l To meet the
requirement of large-scale micro-LEDs, a sapphire substrate with
a large dimension is also required. Larger substrate dimension
leads to higher thermal and lattice mismatch with the epitaxial
LED layer.’?>3] The thermal mismatch at a surface can lead to the
nonuniform distribution of indium content in the InGaN/GaN
multi-quantum wells (MQWs) wafer. Basically, the difference in
temperature of 1 °C at a surface could induce a shift in emission
wavelength of ~1.8 nm in the case of blue LEDs and 2.5 nm in
the case of green LEDs.[>*>°] To address these problems, a num-
ber of solutions have been proposed, e.g., Lu et al. reported the
uniform emission with ~#2 nm deviation by implementing the
proper pocket design for 2, 4, and 6 in. wafer.>*] Aida et al. have
reported GaN on the sapphire substrate with reduced bowing in
the wafer by utilizing laser processing for stress implantation.>¢!
With the decrease in size from LED to micro-LED, both chip
fabrication and their performance are greatly affected. This is
due to the enhanced density of surface defects because of the
sidewall effect. Normally defects cause the nonradiative recombi-
nation (Shockley—Read-Hall (SRH) recombination) to occur.l*”]
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Figure 1. a) Cross-sectional and magnified TEM image of a pyramidal p-LED structure, the detail of the structure, i.e., n-GaN, MQWs, and p-GaN is
shown in magnified image with black arrow. b) Comparison of light output power as a function of injection current (inset showing light-emitting images
collected at an injection current of 15 pA). Reproduced with permission.[®%] Copyright 2015, The Japan Society of Applied Physics. c) Schematic diagram
of u-LED with sidewall passivation layer by using ALD. Reproduced with permission.[%¢] Copyright 2018, Optical Society of America, and d) effect of chip
size on EQE as a function of current density (A/cm?). Reproduced with permission.[*’] Copyright 2016, Elsevier publishing.

Due to these SRH recombination centers, the internal quantum
efficiency of the device is reported to decrease at low current den-
sity whereas, for high current density, the effect of current crowd-
ing dominates in the device. Such defects can be reduced via ther-
mal annealing.

Generally, the InGaN alloys have a lower surface recombina-
tion rate (102-104 cm s7') in comparison to AlGaInP, therefore
InGaN LEDs have comparatively higher EQE.5®] The sidewall re-
combination which is also called SRH nonradiative recombina-
tion caused by plasma dry etching originates from the higher
surface to volume ratio. The primary channels of carrier losses
are surface recombination velocity and carrier diffusion length.
Bulashevich and Karpov found that narrow bandgap and zinc
blende crystal structures have relatively higher values than those
of wurtzite crystal structures such as GaN and InGaN.5% Hence,
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as the chip size is reduced, the nonradiative recombination at
the sidewalls of the active region in the case of AlGalnP-based
p-LEDs is enhanced which then has a detrimental influence on
their efficiencies. On the other hand, Li et al. reported nearly size-
independent EQE in the case of InGaN-based u-LEDs due to very
low surface recombination.®"]

A comparison between the chip size and EQE is given in Fig-
ure 1d which shows that the decrease in chip size from 500 pm
X 500 pm to 10 pm X 10 um led to a reduction in the EQE from
~10% to 5%.[96162] To solve this problem, numerous strategies
are reported.[®*%* We have included a few of them here, e.g.,
Chen et al. have reported pyramidal micro-LED, in which reverse
current leakage was minimized by a factor of two by employing
SiO, current confinement layer as shown in Figure 1a.l®] Con-
sequently, the light output power was enhanced approximately
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Table 1. Comparison of various mass transfer technologies. The detail about performance (transfer rate) for each mass transfer technology is given in

refs. [78%] and chip size in ref. [®3].

Transfer method Performance Advantages Disadvantages Chip size Used by companies
Laser-based Transfer yield 99.99%. The No impurities transfer on Laser source can damage their >1pm Optovate/Unigartal’]
transfer rate is substrate surface. transfer stability.
~100 million per hour.
Electrostatic The transfer rate is Flexible to use and have Due to electrostatic, the charges 1-100 pm Apple/Luxvuel®4]
~1 million per hour. perfect repeatability. are induced which can degrade
device performance
Fluidic-based Transfer yield Economical, easy to Inefficient, the probability of pixel >20 um Foxconn/eLux!®’]
assembly ~65%. The transfer rate is operate and minimum damages during transfer is
~50 million per hour. parasitic effect.[2] high.
Elastomer stamp Transfer yield 99.99%. The It can be transferred by It has poor repeatability because >10 um X-Celeprint!3°]
(van der transfer rate is efficient and economical the stamp adhesion force is
Waals) ~1 million per hour. way because of its controlled by peeling speed. It
stickiness (elastomer is optimized by a
stamp) nature. magnetorheological stamp.[#%]
Roll-to-Roll/R2R Transfer yield 99.99%. The Economical, high efficiency Probability of device damages is ~less than Korean institute of
transfer rate is and high throughput high. 100 pml?7] machinery and

~10000 per second.

materials!®021]

more than twice (Figure 1b). Wong et al. have introduced the
SiO, layer for sidewall passivation (Figure 1¢)[*! which led to
37.5% enhancement in the EQE of micro-LED (with a dimension
of 20 um X 20 pum).

3. Assembling Technologies for Mass Production
of Micro-LEDs Display

Despite their tremendous performance, this technology has
faced a lot of problems in their high commercial production.
The problems such as monolithic fabrication, mass transfer of
micro-LEDs chips, and full-color realization have limited their
successful mass production.l’~%°l Normally, in inorganic LEDs,
the dimension of developed wafers is usually 4, 6, and 8 in.”"!
Because of this, it is compulsory to utilize mass transfer tech-
nology for large area micro-LED displays by shifting the LED
array to a receiver substrate. In parallel to mass transfer tech-
nology, pick and place, selective release and transfer, and self-
assembly have also been utilized for shifting the LED array on a
substrate.[?!7172] Each technology has its own advantages and dis-
advantages and can impact the performance of the display. For ex-
ample, in order to realize a 3840 x 2160 X 3 micro-LED full-color
display consisting of 4 K pixels per inch, nearly 2488 pixels must
be destroyed after transmission for 99.99% reliable transmission
technology.[®373] The manufacturing companies have introduced
some approaches such as electrostatic,’#7°] laser-based,/’*7% van
der Waals, 37981 and fluidic-based assembly!®'-#3 for efficient
transfer. Table 1 shows the comparison of different mass trans-
fer technologies in the aspect of their advantages/disadvantages,
transfer yield, and transfer rate.

The electrostatic-based mass transfer technology was intro-
duced by the Apple Co.-owned company “LuxVue” in 2012.
They successfully realized a micro device array by utilizing this
technology.** The transfer of an LED chip from a host substrate
to a receiving substrate is done using an electrostatically charged
transfer stamp/target substrate. By applying a voltage, the elec-
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trostatic transfer head array picks up micro device array from the
host substrate via charge adsorption force. Then, the receiving
substrate is brought into contact with a micro device array. Mean-
while, the applied voltage on the electrostatic transfer head is re-
moved. The transfer is flexible because it can selectively trans-
fer each component, i.e., the pitch of electrostatic head array and
pitch of the micro-LED on the receiving substrate. But the applied
voltage to the head during the electrostatic induction can produce
a charging phenomenon that can damage the micro devices (e.g.,
micro-LEDs).2!] Therefore, careful control of the voltage is very
important during the transfer.

Laser-based transfer technique (laser-induced forward trans-
fer) utilizes laser beams to detach the micro-LEDs from the
carrier substrate and then shifts them toward the receiver
substrate.[®] Like the laser-lift-off technique, laser beam irradi-
ation causes ablation at the interface of substrate/LED to detach
the chip from the carrier substrate and, in the meantime gen-
erates a force to push the chip toward the receiver substrate. In
2013, Uniqarta introduced massively parallel laser-enabled tech-
nology (MPLET) for large-scale transfer of micro-LEDs.l”®! The
micro-LEDs were deposited on the substrate (glass) plated with
a dynamic release layer (DRL). When a UV beam irradiates the
targeted area of a substrate, bubbles was generated between the
substrate and DRL. Under the action of bubbles expansion and
gravity, the micro-LEDs were shifted toward the receiver sub-
strate with a pitch of 10-300 um. MPLET technology utilizes a
diffractive optical element to diffract a single beam into the mul-
tiple sub-beams. Each sub-beam corresponds to the transfer of
a micro-LED. By utilizing MPLET, Marinov successfully shifted
micro-LEDs with an average placement error of 1.8 pm at a high
transfer speed of more than 100 M units h=1.[78]

Rogers group used the elastomer stamp to initially develop
micro-transfer printing technology (4TP).">%2) In 4TP, the trans-
fer of the micro-LEDs from one substrate to another was per-
formed using the difference in adhesion between the stamp and
the substrate. For picking (donor substrate) and placing (recep-
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tor substrate) of the stamp, the peeling speed is very important.
The peeling speed of 10 cm s~! is generally used for pulling the
stamp away from the donor substrate which can generate effec-
tive adhesive force between the stamp and micro-LEDs. Whereas,
the peeling speed of ~#1 mm s~! is usually used for placing the
micro-LEDs on a receptor substrate (i.e., by decreasing the peel-
ing speed, the adhesive force is also reduced).®®] The stamp, used
to pick and transfer the micro-LEDs, is made up of soft and elastic
materials normally the major portion is made up of polydimethyl-
siloxane and shape memory polymers.[?}] Because of its excellent
nature of stickiness and flexibility, it is suitable to transfer tech-
nology for curved screens and wearable applications. In 2017,
Radauscher et al. used this technology to develop active and pas-
sive color micro-LED arrays and showed a high transfer yield
of 299.99%.0*] There are also reports where poor repeatability
of this method is reported due to the dependence of adhesion
force on the peeling speed.!®] To address this problem, Kim et al.
in 2019 used magnetorheological stamps and controlled the ad-
hesion force by the varying magnetic field during the pick and
place.[®] In 2020, Lu et al. optimized the stamp transfer technol-
ogy by utilizing the support vector model.®>! The placement rate
of ~#1 M units h™! was achieved using a stamp size of 150 mm.
This is suitable for a small area or finer micro-LEDs display ap-
plications but not enough for large area displays./®°!

The fluidic-based assembly is cost-effective technology and can
be used to transfer the large-spacing micro-LEDs. This technol-
ogy can easily manage microstructures (e.g., micro-LEDs) on a
large area substrate with high throughput. Moreover, the inter-
connection parasitic effect is low in comparison to other available
transfer methods.?*°! In this technology, the target substrate,
micro-LEDs, and transfer components are immersed in liquid
(e.g., isopropanol, acetone, or distilled water). This liquid is then
utilized as a medium to connect the chip and target substrate
electrically and mechanically. The fluidic assembly uses gravity
and surface tension as a driving force to drive and capture the
micro-LEDs on a target substrate. After being positioned on the
substrate, the anode and cathodes electrodes are bonded with the
driver ICs for electrical connections.[?”#”] In 1994, Yeh and Smith
performed the transfer of trapezoidal-shaped GaAs LED devices
from a growth wafer to a Si substrate via this technology.[®?!
Later in 2007, Saeedi et al. utilized this technology to transfer the
micro-LEDs grown on AlGaAs to a flexible substrate with a yield
of 265%.171 In 2017, Sasaki et al. reported fluidic assembly tech-
nology for the massive parallel assembly of micro-LEDs.[! In
2019, Cho et al. demonstrated high yield fluidic assembly tech-
nology for GaN microchips for display applications, where, they
precisely assembled more than 19 000 blue GaN-microchips with
45 pym in diameter at 99.90% yield within 1 min.[!] Despite these
successes, this technology is not mature yet and still needs to be
flourished (in the perspective of low melting temperature alloys
which damage the chip performance) further for commercial us-
age.

Another transfer approach “roll-to-roll (roll-to-plate)” was de-
veloped by the Korean Institute of Machinery and Materials
(KIMM).[®*91] This can be used to shift micro-LEDs with a chip
size and thickness below 100 um and 10 um, respectively. This
technique can provide a high transfer rate of 10 000 devices per
second for lightweight, flexible, and stretchable displays. For this,
the chips need to be transferred to the roller, and then the rotation
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between the rollers is used to imprint the chip onto a target sub-
strate. The advantage of this approach is that the same method is
used to pick up the thin-film transistor (electronic components)
and LED components and place them on the desired substrate.
Therefore, this process increases the production speed.””! How-
ever, it cannot selectively transfer micro-LEDs. Further, precision
and reliability are also difficult to guarantee.

Among the above-mentioned mass transfer technologies (in
Table 1), the elastomer stamp (van der Waals interaction) is most
frequently used(®##1%1] because of its unique feature (e.g., stick-
iness) which can be easily transferred to the receiver substrate
with 99.99% transfer yield.['%2) Comparatively, laser-based and
electrostatic technologies have good repeatability which greatly
reduces their mass transfer cost, whereas the poor repeatability
was the negative point of elastomer technology which can be im-
proved by introducing a magnetorheological stamp (electromag-
netic in the nutshell, the elastomer stamp (van der Waals interac-
tion) is the promising technology for the small devices).[*”) More-
over, the replacement of the stamp head with an electromagnetic-
based head is considered a prominent solution for the enhance-
ment of cost effectiveness and reliability of transfer. However, for
the realization of a large-size display of micro-LED, the roll-to-roll
technology has advantage because of its high throughput. The
schematic working diagram of the mass transfer technologies is
shown in Figure 2a—d.

4. Color Conversion Technology for RGB Display

In full color micro-LED display, each pixel contains three primary
colors (red, green, and blue) that can be combined to produce
the required color. To achieve the different combinations of RGB
colors, the different biases (current) are applied to control each
(red/green/blue) LED. However, in LCD technology, each pixel
contains color filters and liquid crystals (light switches). The re-
quired color is generated by passing the light from the backlight
unit through each pixel. Normally, the III-V group materials (In-
GaN/GaN) are used to produce a single wavelength (monochro-
matic) emission source.['%1%] However, there is a critical chal-
lenge for the researchers to develop an approach to achieve full-
color micro-LED-based display from single color LED.[196:107]
The emission wavelength of InGaN/GaN MQW LEDs can
be changed from blue to red through the variations of indium
content.['%] Comparative to blue GaN-based LEDs, the lumines-
cence efficiency of green and red LEDs is not only very low!1%:10%]
but also decreases abruptly with the increase in operating cur-
rent density."!% This is mainly due to the lattice mismatch be-
tween InGaN and GaN layers which leads to misfit strain. The
large lattice mismatch between InN and GaN(reaching ~11%)
is the main factor limiting the growth of high-quality indium-
rich InGaN/GaN QWs.[11:-113] The biaxial compressive strain hin-
ders the incorporation of In atoms in the InGaN lattice, thus
causing the so-called compositional pulling effect.''112] An ac-
cumulation of large strain in InGaN/GaN QWs can also lead
to the generation of defects, which act as nonradiative recom-
bination centers and can reduce the EQE.'*!*] In order to
achieve the emission in green and red spectral regions, one
can try to exploit the quantum-confined Stark effect (QCSE)
which occurs in the c-plane of InGaN/GaN QWs.['"] Due to
the presence of the built-in electric field in these structures,
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Figure 2. Schematic diagram of a) laser-induced forward transfer process. Reproduced with permission.®%] Copyright 2015, Elsevier publishing. b)
Fluidic-based assembly, c) elastomer stamp, d) roll-to-roll/R2R assembly. Reproduced with permission.['% Copyright 2017, John Wiley and Sons.
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Figure 3. General mechanism of RGB-based micro-LEDs full color display. b) lllustration of InGaNOS substrate and PL spectra of InGaN-based LEDs
grown on InGaNOS. Reproduced with permission.['l Copyright 2018, MDPI publishing.

the bandgap decreases with increasing the QW width, which
then leads to the redshift in light emission. However, this ef-
fect decreases the probability of the interband optical transi-
tions and leads to lower EQE due to reduced electron—hole wave
function overlap.['1®17] Additionally, the QCSE decreases with
increasing the injection current due to the screening of the
built-in electric field by free carrier.!8] The other option is to
use the GaP/GaAs-based LEDs for red-light emission.[''] How-
ever, the difference in LEDs material (InGaN/GaN for blue and
green while GaP/GaAs for the red color) leads to a difference in
perspective of their key parameters (current, voltage, tempera-
ture, and device lifetime).[°112%] Consequently, the performance
of the RGB display can be affected. Therefore, for the perfect
realization of micro-LED-based RGB display, the same mate-
rial system is required for all three primary colors.['*1122] To ad-
dress this (red InGaN LEDs) challenge, different solutions in-
cluding customized substrates, bandgap engineering, and opti-
mized growth conditions have been reported.l'?’] For example,
using the metamorphic InGaN buffer layers or InGaN pseudo-
substrates (InGaNOS), which reduce the strain in InGaN QWs
can lead to more efficient indium incorporation and better ma-
terial quality for the active layer of LEDs.'?#12°] Application of
InGaNOS also leads to the enhancement of the spontaneous light
emission and the EQE due to a reduction in the QCSE.[126-128]
As a result, efficient light emission in the spectral range from
482 to 617 nm was achieved in InGaN-based LEDs grown on
InGaNOS (as shown in Figure 3b).["!28] More recently, porous
GaN pseudo-substrates have been developed and red InGaN
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micro-LEDs emitting at 632 nm have been demonstrated.[12%130]
Further progress in InGaN pseudo-substrates will move the emis-
sion wavelength of InGaN LEDs to the IR spectral region.['*!]
Indium-rich InGaN pseudo-substrates can be used to decrease
the energy gap of InN/InGaN QWs and QDs, moving further
the emission spectrum to long wavelengths suitable for opti-
cal fiber communication.[3>13*] In future perspectives, one can
expect that InGaN pseudo-substrates will make it possible to
reach the terahertz emission from InN/InGaN QWs and close
the energy gap in these heterostructures, leading to the topologi-
cal phase transition.[3°] The theoretically proposed possibility of
achieving the topological insulator state in InN-based QWs is cur-
rently of significant scientific interest due to their potential appli-
cations in piezotronics, spintronics, and topological electronics
(topotronics).[136-142]

4.1. Color Conversion Method

The excitation source (blue/UV micro-LED) and color converters
(phosphors/quantum dots) are required for full color display. The
red, green, and blue color converters are needed with an excita-
tion source of UV micro-LED, whereas only red and green color
converters are required with blue micro-LED. However, the per-
fect deposition of color-converter on LED pixels is a challenge.
Therefore, different printing technologies such as aerosol jet,
inkjet, stamp, and coating techniques such as spin-coating, pulse
spray, and mist have been attempted for the deposition of color-
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The Nonferrous Metals Society of China and Springer-Verlag Berlin Heidelberg.

converters.*3-14l Among them, the aerosol jet printing is better
because it did not require contact and mask, give a very precise
deposition, and is easy to handle with viscous ink.

4.1.1. Phosphor-Based Color Conversion

The prominent features of phosphors-based conversion tech-
nology are i) high quantum yield which is approximately more
than 80%, ii) high thermal stability which is approximately above
150 °C, iii) high resistivity for the moisture (chemically stable),
iv) fast-luminesce decay and very stable emission spectrum un-
der the irradiation of continuous light flux. Because of these
features, it is widely used to generate white light for lighting
applications.['*71%0] Normally, Ca,_,Sr,S:Eu®*, Sr,SicNg:Eu?*,
CaSiN,:Ce’** are used for generating a phosphor-based red emis-
sion, while, SrGa,S,:Eu?*, SrSi,0, N,:Eu?* for green light, and
LiCaPO,:Eu?*, Srs(PO,);Cl:Eu?* for blue light.">*! Another way
of conversion is also possible in which phosphor-based conver-
sion from blue micro-LED to white light is carried out, then color
filters are used for full-color display. In this technology, a portion
of the light is absorbed by the color-conversion filters which then
lead to crosstalk among the sub-pixels because of the light scat-
tering. Hence, an alternative and efficient way of conversion is
required. Therefore, different deposition techniques have been
explored to coat the phosphor layer on each pixel.l'>1152]

For the successful realization of micro-LEDs-based full color
display using phosphor as a color-conversion layer, the particle
size of the phosphor is very important. The size of phosphor
particles depends upon their preparation methodology, e.g., the
solid-state reaction method normally leads to the particle size of
greater than 5 um, spray method to 100 nm to 2 pm, combus-
tion to 500 nm to 2 um, hydrothermal to 10 nm to 1 pm, sol-
gel to 10 nm to 2 um, and co-precipitation gives particle size of
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10 nm to 1 um.[**’] This means that phosphor particles within
the nanosize range can be achieved using the above technologies
which will be useful for color uniformity. But on the other side,
the light-conversion efficiency will be reduced!**°! because light-
conversion efficiency is inversely proportional to the size.

In order to overcome this trade-off between the light efficiency
and color uniformity, Chen et al. have introduced small (4 pm)
and large-sized (22 pm) phosphors particles together with the ra-
tio of 3:2 in color-conversion layer!'*¥ (Figure 4). In Summary,
color uniformity can be enhanced by a phosphor-based color con-
version layer with small (nano)-sized particles because of reduced
light scattering. However, the use of these (nano)-sized particles
in color conversion layer effectively reduces the light conversion
efficiency and affects the performance of micro-LEDs-based full-
color display. Therefore, it is required to explore other conversion
materials to replace phosphor-based materials. With the promi-
nent features of small-size and high light conversion efficiency,
the QDs are promising candidates for future display applications.

4.1.2. QD-Based Color Conversion

QDs are compound semiconductor nanomaterials which
are mostly from III-V (InP), II-VI (CdSe), or I-III-VI
(Culns,).'31* QDs are normally developed using a chem-
ical solution-based method.["] QDs are a better replacement of
phosphor as a conversion layer because of their tunable optical
properties, color purity (narrow emission), shorter emission
lifetime, high quantum yield, and strong absorption in the visi-
ble region. The emission wavelength of QDs can be controlled
by the dimension and composition of QD particles.!'>3156157]
The promising and widely reported QD material is CdSe (with
an energy bandgap of 1.73 eV) whose emission can be tuned
in the visible region with the best light-emitting efficiency.
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Table 2. Comparison of different patterning techniques for QD
deposition!?3],

Deposition technique Pattern width QD film thickness

Inkjet printing 250 nm Several um
Electron beam lithography Several um ~10 nm
Photolithography Several um Several um

Approximately, the CdSe QD with a diameter of 2 nm can emit
blue light, whereas 8 nm QD can emit red color. Similarly, CdTe
(with an energy bandgap of 1.5 eV) can emit a deeper wave-
length (~827 nm).[>*138159] Numerous advanced techniques
have been proposed for the patterning QDs on micro-LEDs,
e.g., photolithography,1%] electron-beam lithography (EBL),[*!]
jet printing,['3] and 3D printing.'%?! To select the QD pattern-
ing methodology, the various parameters such as resolution,
throughput, and defect tolerance of the desired application
(display) should be kept in mind. For example, the 55 in. TV with
4K resolution consists of the 10 um x 10 pym micro-LED chip.
This chip consists of ~#3 um RGB subpixels. For 8K resolution,
the subpixel size is less than ~3 pm. Therefore, by using the EBL
technique, the size of QD patterns can be scaled down to sub um
which is enough for micro-LEDs.[?)] Manfrinato et al. reported
nm resolution patterning using EBL.'3] By photolithography,
the size of QD patterns of ~2-5 um in width and ~50 ym in
thickness, was achieved.!'®] While, by utilizing printing technol-
ogy, Richner et al. achieved QDs with the size of ~250 nm.!1%
The comparison of the various patterning techniques is given in
Table 2. Consequently, it is possible to utilize any of the above-
mentioned techniques for the deposition of QDs for the LED
with micrometer size. Nevertheless, each technique has its own
limitations. For example, the transfer printing technique needs a
template which is making the procedure more complicated and
inkjet printing has its own problems such as coffee ring effect,
nonuniform film thickness, and rough surface of printed film.
Similarly, for the photolithography and EBL, QD films can be
easily damaged which will directly impact the production cost.

: 5 g

www.lpr-journal.org

Table 3. Requirements for micro-LEDs in different applications!'l.

Application Panel size [in.] PPI Chip size [um]
AR 0.5-1 450-2000 1-5
Smart watch 1-1.5 200-300 5-30
Mobile phone 4-6 300-800 30-50
Auto display 6-12 150-250 50-100
v 32-100 40-80 50-80
Digital display 150-220 20-30 80-100

Comparatively, so far, the printing technology can meet most of
the market demands because the pixel sizes for display are still
above micrometers. Therefore, from the perspective of simple
and rapid fabrication steps, the printing technique should be
mainstream in future industries.

The light from the excitation source (blue/UV LED) is
guided with a light guide plate which is comprised of a dif-
fuser/distributed Bragg reflector (DBR) for uniform distribution
of light across the display area. Then, this light is converted
into primary colors (RGB) with a wide color gamut after pass-
ing through color-conversion layer. Three geometries are nor-
mally used for the deposition of QD color conversion material
(shown in Figure 5a). i) On-chip: in this geometry, QD is de-
posited on LED, ii) On the edge: in which QD material is de-
posited at the edge of the light guided plate, and iii) On the sur-
face: in which thin layer of QD is placed on the whole surface of
the light guided plate which is called quantum dot enhanced film
(QDEF).[U‘MS'IGG]

On the applications side, the requirement of micro-LEDs
varies according to chip size, panel size, and pixel per inch (PPI).
The details of a few applications are given in Table 3.

For the color conversion, the MQW structure (from the II-
VI and I1I-V group) can also be used with micro-LED.['*’]
In 2015, Santos et al. showed the color conversion by MQW
structure where they used 450 nm micro-LED to excite

QD
.! % Light guidc plate
Top Polarizer
Bluc LED Reflector I [ array
| | LC layer
QD Bottom Polarizer

NAVAY S 1 uide plate [— |

N\NF ght g p QD ¥ « BEF
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Reflector

® =
%‘ Light guide plate

I
Blue LED Reflector

()

Light guide plate

Reflector
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Figure 5. a) Schematic diagram of the various geometries of QD color converters: on-chip (top), on edge (middle), and on the surface (bottom). b) A
typical LCD system with QDEF (QD on the surface of the light guided plate).
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Figure 6. a) Flow process of full color QD-based p-LED display. b) Comparison of relative PL intensity with and without DBR. c) The CIE 1976 color
space chromaticity diagram of the QD display technology and NTSC. Reproduced with permission.l'#3] Copyright 2015, Optical Society of America.

ZnCdSe/ZnCdMgSe MQW structure to successfully realize a hy-
brid micro-LED emitting 540 nm light.[168]

In the beginning, Han et al. have reported the RGB QD-based
micro-LED display using UV-LED (with 395 nm emission and
chip size of 35 pm X 35 um) as an excitation source.l*3! Aerosol
spray technology was used for the deposition of RGB QDs on top
of the excitation source. The deposition was completed in three
major steps; first pouring out the specific volume of QD particles
which was regulated by applied voltage/gas pressure, then plac-
ing the QD particle at the required position, and finally spreading
and drying it over the surface. The structural geometry of the pro-
posed structure is shown in Figure 6a. DBR was used for the effi-
cient utilization of UV light for light conversion which improved
the luminous efficiency of blue by ~#194%, green by ~173%, and
red light by ~183% (the relative PL intensity with and without
DBR is also shown in Figure 6b). Moreover, the color gamut was
1.52 times of the standard NTSC gamut (shown in Figure 6c¢).
However, the problem of optical crosstalk was there which needs
to be addressed.

In 2017, Lin et al. have presented an idea to decrease the op-
tical crosstalk by introducing a photoresist (PR) window which
was prepared using lithographic technique.[') This PR window
acts as a light blocking wall from one pixel to another as shown in
Figure 7a. Consequently, the optical crosstalk was significantly re-
duced in comparison to the conventional structure (without PR
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window) which is evident from Figure 7b. Moreover, they have
used DBR to utilize the wasted light. As a result of both PR win-
dow and DBR, the light emission efficiency of QD was improved
by ~23%, ~32%, and ~5% for red, green, and blue light, respec-
tively.

Gou et al. simulated micro-LED-based display structures by in-
troducing funnel tube arrangement.['’%! With the use of a funnel
tube, the phosphor remains blocked in each pixel because it is de-
posited on a top surface of the LED with the tube area in a straight
line to each sub-pixel. The internal region of the tube can be ab-
sorptive/reflective. For white light conversion, the phosphor was
placed inside the tube. On the top surface, the RGB color filters
were employed to separate the different colors. The schematic di-
agram of the arrangement is shown in Figure 7c. Consequently,
the crosstalk was found to be effectively reduced in this arrange-
ment.

In addition to crosstalk, the coffee ring is another problem that
affects the uniform luminescence efficiency of QD-based micro
display.’! This is due to the formation of ring-shaped patterns at
the edges. This problem is induced because of the differential rate
of evaporation among the corner and inside of the QD droplet.
This should be addressed to improve the uniform thickness of
the QD color conversion layer.

The problem of the coffee ring can be solved by controlling the
concentration of QD particles, dwell time and flow rate of gas,
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Figure 8. a) Mechanism of coffee ring effect (deposition at edges during evaporation) with/without PR mold. b) Comparison of the optical microscopic
image with or without PR mold. Reproduced with permission.l'8°l Copyright 2017, Chinese Laser Press.

applied voltage, and size of the QD ejecting nozzle. The PR win-
dow, which was applied for the reduction of the optical crosstalk
window, is also effective for minimizing the ring effect. By ap-
plying a resistant window, the QD solution within each window
can be made uniform. Figure 8 shows the comparison of both
cases with or without PR window. The coffee ring-shaped effect
was also addressed by the addition of polymers (hydro-soluble)
where the enhancement in viscosity and Marangoni effect was
observed.'7172] There are also some other reports where the
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problem of the coffee ring-shape effect was addressed, e.g., Liu
et al. controlled some of the key parameters, namely, viscosity,
three-phase contact line, and contact angle, by using a composite
of QD ink. Consequently, they obtained a QD film with uniform
thickness. Similarly, Sun et al. improved the viscosity, surface ten-
sion, and evaporation rate of perovskite (CsPbBr;)-based QD ink
by changing the volume of dodecane and toluene (solvents) to
form suitable Marangoni flow. As a result, they obtained uniform
perovskite microarrays.['7>174]
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Figure 9. a) Schematic diagram of RGB micro-LED with HBR and DBR. b,c) EL spectra of green and red QD-based micro-LEDs. d) International com-
mission on illumination (CIE) chromaticity coordinates of device structures with and without HBR and DBR. Reproduced with permission.['7?] Copyright

2020, MDPI publishing.

Another problematic issue in the QD-based micro-LED display
is the leakage of blue light from the excitation source. Different
strategies such as DBF or color-conversion filter (consisting of
primary colors: RGB) has been used to solve this problem.[*6%:175]
However, both DBF and color-conversion filters led to the fabrica-
tion complexity and also increases the overall cost of fabrication.
The problem of blue light leakage can be also solved through the
easiest approach, e.g., by using the different concentrations of
the QDs. In the reported literature, the relation between the ab-
sorption and concentration of QDs is represented by the below
equation (which is also called Beer’s law)!7¢]

I
A=stxt=10g<Iﬂ> (1)

out

where A is the absorption coefficient, ¢ is the extinction coefhi-
cient, Cis the concentration of QD, and ¢ is the length of the opti-
cal path. It has been reported that the green and red QD film with
athickness of &5 um can absorb nearly 99% of blue light.!'””] Sim-
ilarly, Lee et al. have fabricated ~10 um thick InP/ZnS QD film
using inkjet-printing techniquel'’®! to achieve >95% absorption
of blue light. Their film showed good stability under high humid-
ity (i.e., 95% relative humidity) and temperature (65 °C).
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There are many reports about the performance up-gradation of
the micro-LED display, e.g., Chu et al. have reported the micro-
LED-based RGB display using CdSe/ZnS QDs as color conver-
sion materials and GaN-based blue micro-LEDs as excitation
sources.['”?] To improve the color contrast ratio, they confined
each QD light using a black matrix (which have the property of
nearly no transmission in the visible region) as shown in Figure
9a. The hybrid Bragg reflector (HBR) and DBR were deposited
on the back and top side, respectively, to improve the reflection
of light from the substrate side and also the color purity. As a re-
sult, the light output intensities and the color purity of both green
and red QDs were improved (Figure 9b—d). In the traditional de-
sign of a QD-based micro-LED display, the QD layer is deposited
on the top of the encapsulation layer. In this architecture, the por-
tion of the light was trapped between the encapsulation and QD
layer because of the total internal reflection. As a result, the ra-
diative coupling between the MQW and QDs was reduced which
directly impacted the efficiency of the display. In order to improve
the radiative coupling efficiency, various strategies have been
reported, e.g., surface roughening of LEDs and etched nanos-
tructures like photonic crystals have been used.['8%181] Normally,
these strategies are only effective for the top layer (quantum
barrier).
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Figure 10. a) Systematic diagram of photonic quasi-crystal LED hybridized with QD color converter. b) SEM image of cross-sectional area. Reproduced

with permission.['82] Copyright 2016, Optical Society of America.

Krishnan et al. developed a hybrid photonic quasi-crystal LED
to increase the radiative coupling between MQWs and QDs. In
this device geometry, the QD emitters were placed in proximity to
the active region (Figure 10).'82! As a result, the color-conversion
quantum yield of a single QD (monochromatic conversion) was
enhanced by ~123% and for QD-based white display, it was in-
creased by #110%. From color conversion efficiency (CCE) for-
mula, energy transfer from MQW (active region) to QD via both
radiative and nonradiative (resonant energy transfer) pathways
can be estimated. The CCE is expressed as a ratio of the light
emission intensity of QDs (from the hybridized structure) to the
light emission intensity from MQWs without QDs.['83] Mathe-
matically it can be expressed as

/ Igg;“d (A1) dA

=2 77 2
/ IfA"Q?;fS (4)da %

CCE

here the wavelength of the emitted light is denoted by 1. More-
over, the efficiency of color conversion, i.e., effective quantum
yield (EQY) can be estimated by taking the ratio of photons emit-
ted at QD wavelength (from the hybrid structure) to the quenched
photons which are emitted at MQW wavelength (after the hy-
bridization of structure)

S Ign (1) da
/- InoQDs (/1) di— f IHybrid (/1) di

MQW QDs

EQY = (3)

In the above formula, the denominator shows the difference in
luminescence intensity with (emission from MQW) and without
QDs (hybrid structure).

In micro-LED displays, the CCE can be enhanced by
Forster resonant energy transfer (FRET).['®18] In 2017,
Wang et al. have proposed a nanoring (NR) structure instead
of nanoholes/nanorod structures to enhance FRET (shown in
Figure 11a).[**”] In both nanoholes/nanorod structures, only one
sidewall either inner or outer is contacted with QDs. Albeit, in
NR structure, there is a probability of both sidewalls to contact
with QDs, which can effectively enhance the CCE. They fabri-
cated NR-LEDs with different sidewall widths ranging from 40
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to 120 nm using nanosphere lithography. With the reduction
in width, the induced strain within the active region because of
lattice mismatch was relaxed. This was confirmed by photolumi-
nescence (PL) and time-resolved PL measurements. Further, they
observed a considerable blue shift (from green to blue) and the
magnitude of this shifting increased with the decrease in side-
wall thickness (Figure 11b). Hence, this (NR) can be a promising
structure for the realization of nanometer-scale RGB LEDs for
display applications. In 2019, Chen et al. proposed a feasible
route for RGB micro-LEDs display using NR structure.'®] They
have fabricated NR onto the micro-LED wafer (having emission
in green regime), then by using the concept of strain relaxation
with a blue shift, the emission wavelength was tuned from green
to blue. Moreover, the PL intensity was enhanced by ~143%,
with the deposition of Al,O, (passivation layer) within the side-
wall of NR micro-LEDs.[®®] Finally, red QDs were deposited on
NR-LED. As shown in Figure 11c, without passivation layer, they
achieved nonradiative resonant energy transfer (NRET) of #53%
and with the passivation layer, NRET of ~66% in QD-based NR
micro-LED. NRET has a very important role because it is strongly
correlated with the lifetime of exciton recombination.['®] Hence,
they have presented a strategy for display with a wider color
gamut (which overlap with ~104% of the National television
standards committee (NTSC) & ~78% Rec. 2020) as shown in
Figure 11e.

The light absorption and emission property of QDs also need
to be improved because the dried films of QD suffered from seri-
ous challenges of color purity and lower quantum yield (QY), and
are also hard to pattern with stable structure.['*1°!] Therefore, it
is required to add dried QD film with polymers/passivation layers
to improve light absorption and emission property.[192-194]

Kang et al. introduced a nanoporous (NP) GaN to improve the
light absorption as shown in Figure 12a.'%] They varied porosi-
ties (25%, 55%, and 75%) of NP GaN and studied its effect on
light scattering and transport mean free path (TMFP). Normally,
short TMFP is better because it allows multiple light scatter-
ing which increases its travelling path. The diffusion equation
was used to estimate their light scattering and TMFP. In simple
words, it can be expressed as the average distance, i.e., the dis-
tance in which light propagation is randomized completely and
extracted from the measured value of transmittance.['”-2 The
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Figure 11. a) SEM images of NR LEDs with different wall widths (120, 80, and 40 nm). b) PL spectra with an excitation power of 10 m\W. Reproduced
with permission.l'87] Copyright 2017, The Authors, published by Springer Nature. c) PL spectra of NR-LEDs with and without ALD passivation layer. d)
EL spectra of RGB hybrid QD-based NR micro-LED. e) Color gamut of RGB hybrid QD-based NR micro-LED, NTSC and Rec. 2020. Reproduced with

permission.!188] Copyright 2019, Chinese Laser Press.

TMFP can be evaluated using the mathematical expression given
below

(1+z,)- [1 +z, 4 li] el 7l
<1£) + 2z,

where Ty, z., L, and I is diffusion transmittance, extrapola-
tion length, total thickness of medium (scattering medium), and
mean free length of scattering path, respectively. The detail is pro-
vided in refs. [721] In NP GaN with 75% porosity, the light ex-
tinction coefficient was increased by 11 times at 370 nm due to
multiple scattering. As a result, the light CCE of green and red
light was enhanced by 96% and 100%, respectively (Figure 12b).
Kang and Han also reported another strategic way where they em-
ployed the QDs into NP-GaN which is composed of both vertical
and horizontal nanopores (scanning electron microscope (SEM)
images are shown in Figure 12d).[*] The probability of light ab-
sorbance of QD (on NP GaN) was much higher than the planar
surface (non-NP GaN) due to the increase in length of the opti-
cal light path. The nanopores can effectively scatter the light in

T, = 4)

Laser Photonics Rev. 2022, 2100427 2100427 (14 of 20)

the perpendicular direction.?%2] But in this structure (with both
vertical and horizontal nanopores), at a low incident angle, most
portion of the light was scattered by the horizontal nanopores.
Therefore, this structure is more promising for attaining efficient
light conversion.

Recently, in 2020, Mei et al. have introduced a facile route,
i.e., sacrificial layer-assisted patterning (SLAP) approach in com-
parison to previously photolithographic techniques for the fabri-
cation of QD-based LEDs display.?%’] In photolithographic tech-
nique, both the device performance and purity of emission color
are severely suffered. However, in SLAP, the presence of a sacri-
ficial layer (SL) enhances the contact and stability of QDs. They
used both negative PR layer and SL for the deposition of QDs
(Figure 13a) and reported 500 pixels per inch prototype of full-
color QD-based LED. Using SLAP, they improved the color puri-
ties of the light and achieved a wider color gamut which is #114%
of NTSC (Figure 11). This methodology can be applied for the
mass production of a high-resolution display with reduced cost.
Almost, to date, this is the first report of a high-resolution (500
ppi) full-color QD-based LED display.

In the photolithography process, the problem to fabricate full-
color display (QD-based LED) mainly comes from the interface
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Figure 12. a) Schematic diagram of QD-based micro-LED (NP GaN embedded with QDs). b) PL spectra of green and red NP QD LED. c) Visualization
of light scattering by pristine GaN and NP GaN. Reproduced with permission.['®*] Copyright 2020, American Chemical Society. d) Cross-sectional SEM
images of vertical and hybrid NP GaN electrochemically etched at 22 V. Reproduced with permission.l'%®] Copyright 2019, The Society for Information

Display.

(QD/substrate or QD/PR interface) in direct approaches. Because
interfaces require both materials with the same characteristics.
In SLAP (indirect approach), the problem is PR/sacrificial layer
(SL) which can be solved through careful selection of the SL ma-
terial. The SL materials are not necessary to be photo-responsive.
This SLAP technology can be combined with various other pat-
terning technologies, i.e., photolithography, transfer printing,
laser writing, and so on to attain easy QD patterning. Hence, this
innovative patterning technique will open a new horizon for fu-
ture display technologies and may lead to a nondisruptive and
innovative change in the display industry.

5. Conclusion and Future Directions

This article reviewed the recent development of display tech-
nologies ranging from LCD to RGB full-color LED-based dis-
play. Almost, from the beginning of the 21th century, high-
performance displays are kept playing a key role from the genera-
tion of internet-enabled computers, to smartphones and present
IoT (Internet of Things) devices. To meet the desired demand of
the market, cost-effective, efficient, and environmental-friendly

Laser Photonics Rev. 2022, 2100427 2100427 (15 of 20)

smart display products with high picture quality are needed.
Several emerging technologies have been developed to replace
the traditional technologies of LCD, OLEDs, and micro-LEDs.
Among the traditional technologies, OLED-based products have
been successfully commercialized and are mostly being used in
mobile phone displays. Albeit, it is hard to attain high resolu-
tion (more than 600 ppi) using evaporation/inkjet printing tech-
niques. On the other side, micro-LEDs have an exceptionally high
manufacturing cost because of their low yield of chip transfer.
Further, their efficiency is greatly degraded by decreasing their di-
mension from LED to micro-LED. We reviewed several technolo-
gies with remedies to overcome their negative impact on the real-
ization of full-color display. Integration of various colors emitting
micro-LEDs and materials on the same substrate through mass
transfer and bonding is the main pathway for future RGB full-
color micro-LED display. Therefore, we compare various mass
transfer technologies in terms of their performance rate. Overall,
it is needed to improve the yield of mass transfer with a decrease
in its cost. Besides mass transfer technology, the other option is
color conversion technology where there is no need for a sepa-
rate wafer for each color. Only an excitation source (i.e., blue/
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UV) and color conversion layers for multi-color (RGB) emission
are needed. QDs are the most prominent medium for color con-
version and their deposition methodology is relatively mature.
Albeit, their CCE is not best and decreased under the light. In
this review article, we discussed the key features required for QD-
based color conversion including I) structural geometries for the
deposition of QDs, II) utilization of DBR and HBR, III) PR layer
to minimize the optical cross-talk and also to reduce the coffee
rings effect, IV) structures (nanorings, nanorods, and nanoholes)
for efficient light coupling from the active region to QDs, and V)
the development of new methodology (SLAP) compared to sim-
ple photolithography. In the nutshell, various strategical reports
are reviewed for achieving the best solution for RGB full-color
display by LED integration. It is logical to predict breakthroughs

Laser Photonics Rev. 2022, 2100427 2100427 (16 of 20)

(@)

Figure 13. a) lllustration of patterning QDs with different color via photolithographic technique. b) PL image of patterned RGB QDs. c) Emission spectra
and d) color gamut of RGB subpixels. Reproduced with permission.[29] Copyright 2020, American Chemical Society.

in upcoming years. Therefore, we believe that micro-LED will be
used as future display technology because of its lifetime, low en-
ergy consumption, high resolution, and wider color gamut with
high purity.
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