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ABSTRACT

As the next-generation display technology, microscale light-emitting diode (u-LED) displays have attracted significant attention recently. For
applying u-LEDs as direct emissive pixels in everyday display applications, many chips in a relatively small-sized wafer must be relocated and
distributed quickly over a wide screen area via so-called transfer technology. After a brief review of current conventional transfer technologies
for placing p-LEDs on a wide screen, for perspective, a new and versatile delivery technique for p-LEDs is presented, in which an LED chip
is converted to a ball shape in order to facilitate handling and processing of p-LEDs for practical applications. Plausible procedures including
the formation, arrangement, and removal of the plastic ball are discussed to envision potential impacts of the technology.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5118992

INTRODUCTION

Light-emitting diodes (LEDs) fabricated from inorganic crys-
talline semiconductors are the most efficient, brightest, and longest-
living light emitters available for displays."” Inorganic LEDs are cur-
rently used as backlights for liquid crystal displays (LCDs)’ and as
compact color pixels within large outdoor video displays.” Interest in
LED chips as direct light emitters in pixels of everyday displays, such
as televisions (TVs), monitors, and even smartphones, is increasing,
forecasting these devices as the next-generation display technology
following LCDs and organic LED (OLED) displays.”” Along with
the development of micro-LEDs (u-LEDs, LED chips of dimensions
one order of magnitude smaller than those of typical LED chips),
inorganic LED-emissive TVs are expected to perform better than the
current dominant display technologies. p-LED panels using arrays of
individual red/green/blue (R/G/B) devices of less than 100 pum in size
can achieve resolutions of >2000 ppi with reduced power consump-
tion and higher brightness and contrast.”® As examples, Samsung
unveiled a 34-foot-wide cinema LED display in July 2017 and a
150-inch p-LED TV called “The Wall” at the Consumer Elec-
tronics Show (CES) 2018 in Las Vegas, as shown in Figure 1.
These demonstrated the Samsung’s focus on the future display

technologies after LED-backlit and quantum-dot LCD TVs. How-
ever, to realize a true LED TV (using inorganic LEDs as active
emitting pixels, rather than as backlights), above all things, the man-
ufacturing processes need to be refined to permit separation of the
epitaxial layers of R/G/B LEDs from their substrates and the accu-
rate en-masse transfer of them onto a receiver substrate (e.g., glass or
flexible polymers) at speeds that can compete with existing LCD dis-
play processing. Methods to achieve such separation and relocation
are called “transfer technology”.””" Although some notable transfer
technologies have been developed for this purpose,” '’ their effi-
ciency and performance remain in question relative to those of state-
of-the-art LCD and OLED technologies. Here, the current tech-
nologies are briefly summarized with their pros and cons; as the
perspective view, a new technology called “delivery technology” is
proposed, which may provide a new display platform to facilitate the
dominance of LED-based displays in the near future.

ABOUT THE TRANSFER TECHNOLOGY

First, u-LED displays can be divided into two categories. The
first are small-size screens for targeted virtual-reality (VR) and
augmented-reality (AR) display applications.” In this case, the screen
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is located near the human eyes, equipped using glasses and head-
mount devices. The arrayed LED chips fabricated on a wafer can
be used as-is or simply transferred with the same dimensions to
another substrate. Uniformity in performance among the LEDs
on the wafer is the most important factor for these applications
to avoid bad pixels in the display.”*

The other category, the focus of this article, is displays
applicable to smartphone, monitor, and TV applications; they
have larger screen surfaces than VR and AR displays. In these
p-LED displays, many chips in a relatively small-size wafer must
be relocated and distributed over a wide screen area. Consid-
ering the size difference between a typical semiconductor wafer
(2-6 inches in diameter) necessary for LED chip growth and fab-
rication and a typical TV screen (55 inches diagonally), an expan-
sion of >10x in size is necessary to cover the whole screen;
methods for achieving this are termed expansion transfer tech-
nology. However, expansion transfer is neither easy nor simple to
achieve using current transfer technologies; above all, it is extremely
time-consuming.

A simple and intuitive way to achieve this expansion trans-
fer is known as a “pick-and-place” method, wherein a small vac-
uum chuck pulls a tiny chip, moves it to the desired position, and
drops it by releasing the force on the chip.'" This process works well
and can be used to produce even a TV-sized display. However, the
major inevitable disadvantage of this technology is the processing
time required for display production. Considering the number of
chips required for a display (approximately more than six million
for full HD resolution), this is unlikely to be appropriate for the mass
production of p-LED TVs.

Another approach to speeding up the transfer process is to
use transfer printing technology with elastomer stamps.”'” During
the transfer printing process, a glass stamp with a viscoelastic elas-
tomer serves as a carrier to transfer arrays of chips from their native
substrate onto the non-native destination substrates. The process
exploits the rate-dependent and switchable adhesion between the
device and elastomer to pick up and print arrays of u-LED devices.
In this technology, the relief structure on the stamp surface enables
the deterministic dispersion of devices from dense arrays on the
native substrate to sparse arrays on the destination substrates. Simi-
larly, electrostatic stamps have been proposed for transfer, as shown
in Figure 2."” The process time of these technologies is faster than
that with the pick-and-place method because multiple chips can be
transferred simultaneously. However, they remain time-consuming,
because the native substrate does not have the same dimensions as

COMMENTARY scitation.org/journall/adv

FIG. 1. (a) A 34-foot-wide cinema LED
display by Samsung. (b) A 150-inch
p-LED TV, reproduced with permission
from Samsung unveils “The Wall,” pre-
sented at the Consumer Electronics
Show (CES) 2018 in Las Vegas. Copy-
right 2018 Samsung.

the destination substrate (i.e., the display screen); a solution to this
problem needs to be found.

ABOUT THE DELIVERY TECHNOLOGY

As mentioned previously, the technical difficulties of existing
transfer technologies mainly arise from the poor processing capacity
of very tiny slab-form LED chips. Previous techniques have simply
transferred chips from a wafer to another substrate one-by-one or
moved multiple chips at a time using chip grabbers. However, let
us consider a similar process performed with spherical balls. More
versatile and efficient methods for placing the balls in certain loca-
tions would become available. Once a small slab-shape LED chip
is converted to a ball shape (termed “LED ball”), as illustrated in
Figure 3, it can be easily stored in a bottle, dispersed in a solute
before use in practical applications, and delivered to a substrate
via spreading, distributing, and even printing. Furthermore, in this
method, LED chips can be sorted and binned based on certain cri-
teria before use; this method may therefore provide more reliable
and uniform results than the pick-and-place and other methods,
because these have very limited selectivity for bad LED chips dur-
ing the transfer process. Next, we discuss how delivery technol-
ogy incorporating LED ball formation can be realized for practical
use.

First, the conversion of an LED chip to a plastic ball
with a centered LED chip can be prepared by the dispersion

head assembly
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contact pad
—Em —Em
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FIG. 2. LuxVue has developed a transfer technology that uses electrostatic forces
to pick up u-LEDs (adapted from Ref. 10).
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Polymer sphere

LED chip

FIG. 3. A schematic of the polymer LED ball with an LED chip in the center.

polymerization process. Dispersion polymerization has been widely
employed to prepare polymer spheres of regular size at the micro
scale for various applications, such as toners, optical devices, and
coatings.'”'* Furthermore, polymerization with a core of inorganic
semiconductor material has been studied, showing the combination
of organic and inorganic materials systems.'”'® Briefly, in the dis-
persion polymerization process for the LED balls, ternary systems
comprising chips, monomers, and water are considered, where the
u-LED chip is encapsulated by monomers. Locating p-LED chips in
the center of the monomer droplets (e.g., acrylic monomers with a
different polarity) during dispersion polymerization can be achieved
by precisely manipulating the interfacial energies of the system;'
inappropriate size distributions can be minimized by optimizing the
polymerization equipment and the processing variables such as baf-
fles and agitators in the reactor. As an alternative method for ball
formation, the polymer materials can be dispensed on spatially dis-
tributed LED chips. The optimization of the polymer’s viscosity and
the difference of surface energies between materials at the surface
would allow the polymer drops to form a specific shape, such as
a sphere. After a curing process for hardening, polymer balls with
surface-located LEDs would be formed. Unlike the dispersion poly-
merization method, the LED chips would be located at the edge of
the ball.

Secondly, for the arrangement of the LED ball dispersion, a
sieving (printing) method can be considered as a potential method.'”
The sieve (template) has holes at the required screen locations for
the LED balls, and the LED balls easily roll to these locations, as
schematically shown in Figure 4. The sieving is used to position
the LED balls in the correct locations by applying the sieves. A
dispersion can be formulated with additives in order to prevent
the formation of voids, agglomeration, and thermal degradation
on the screen surface. This arrangement process can be repeated
for different R/G/B pixels using three different sieves. After the
arrangement of the LED balls, the plastic balls fabricated during

scitation.org/journal/adv
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FIG. 4. The arrangement of the LED ball dispersion by a sieving (printing) method.
The sieve has holes at the required screen locations for the LED balls, which easily
roll to these locations.

the dispersion polymerization process can be removed completely.
One potential removal process is depolymerization: the balls con-
taining the polymer can be dissociated at moderate temperatures.
For example, acrylic polymers are easily removed by depolymer-
ization and decomposition into monomers at moderate temper-
atures such as below 300 °C; LED devices are not affected by
thermal energy in this regime. Monomers with relatively low boil-
ing points would be preferred for this process and acrylic copoly-
mers are expected to have satisfactory depolymerization proper-
ties with no residues.”” Once the plastic polymer comprising the
body of the LED balls is dissociated, only the LED chips posi-
tioned at the target locations of the screen would remain, as shown
in Figure 5.

Finally, the electrode formation process is needed to allow
LED operation by current injection. For vertical-type LEDs, row
and column electrodes need to be prepared. First, a web-shaped
row electrode could be formed on the screen substrate before the
arrangement step described above. After arranging the LED balls
and removing the polymers as aforementioned, only the LEDs
would remain on the screen substrate at the designed intervals.
After a proper electrical passivation process, a similar web-shaped
column electrode could be formed on the LEDs using a con-
ventional semiconductor process, thus providing top and bottom
contacts for the operation of the vertical LEDs. With lateral-type
LEDs, more consideration is necessary for the electrode design.
An electrode structure that allows the cathode and anode of the
LED chip to be connected in two different electrodes in each pixel
can be considered. This description includes potential and plausi-
ble examples for the LED ball process; however, further modifica-
tions, replacements, and upgrades for the practical realization are
necessary.

FIG. 5. LED chips positioned at the target locations of the screen remain after
depolymerization.
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CONCLUSION

As a perspective view, we proposed a versatile and efficient
technique for placing pu-LEDs on a wide screen. Present state-of-
the-art transfer technologies were briefly reviewed regarding their
strengths and weaknesses. Alternatively, a delivery technology was
proposed, in which the p-LED chips could be converted to balls
using plastic polymerization, enabling u-LEDs to be easily stored
in a bottle, dispersed in a solute before use, spread, distributed, and
even printed onto a substrate. Unlike the conventional transfer tech-
nology, this delivery technology is expected to provide a faster and
more productive method for producing LED displays. This approach
is immature at this moment, but it is new, has not been tried, and
potentially provides a platform for industrial fabrication. This tech-
nology may not only benefit display technology, but also further
encourage new innovations in many other applications requiring the
placement of LED chips.
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